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Abstract 
The complexity of the processes whereby organic species are degraded in the 
atmosphere prevents many of the individual species (intermediates or products) from 
being unambiguously identified. Laboratory work necessarily focuses therefore on 
studies of idealised proxies with the aim of increasing general understanding of the 
physical and chemical processes which occur on particles and the types of species 
which they produce. Studies of the ubiquitous proxy oleic acid have resulted in the 
development of complex reaction schemes describing the various products and 
intermediates. These schemes include a diverse range of reactions and rates, thus 
highlighting the complications associated even with a relatively simple system.  
This thesis describes novel experimental studies designed to increase 
understanding of heterogeneous ozonolysis reactions of organic species in the aerosol 
phase using infrared spectroscopy as the principal analytical method. Reactions have 
been studied in solution (supported by off-line mass spectrometry), in thin films and in 
aerosols. The sensitivity of the infrared technique has also enabled the kinetics of 
reactions in thin films and aerosols to be followed.  
These methods were applied to both single- and mixed-component systems. 
Product studies successfully identified a number of primary and secondary species in 
the ozonised systems, with the secondary products formed from association reactions 
of the Criegee Intermediates with other species present (including self-reaction). In the 
mixed organic system these products were found to have originated from both a single 
reactant and from cross reactions between moieties from two different reactants.   
At low relative humidity, the ozonolysis reaction rates were monitored through 
the loss of the reactant species by infrared spectroscopy in the thin film and aerosol 
phase to give reactive uptake coefficients (γ). At high relative humidity, the formation 
of products was followed. For the single-component thin films, the values obtained 
were γ = 7.8 x 10-5 for stilbene and γ = 2.0 x 10-7 for anthracene. In thin mixed films of 
oleic acid and stilbene, segregation occurred which prevented the effect of mixing upon 
the rate to be measured. A reactive uptake of γ = 6.8 x 10-5 was obtained, identical to 
that of pure oleic acid.  
In the particle phase, the functional form of the reaction kinetics was found to 
be dependent on the type of particle. Pure stilbene and mixed oleic/stilbene aerosols 
were highly reactive and it proved necessary to treat reactive uptake coefficients under 
both diffusion-limited and surface-only reaction scenarios.  For stilbene, the values 
obtained were γ = 1.5 x 10-3 and γ = 5.3 x 10-3 respectively. Spectral limitations in the 
mixed system meant that only the reaction of stilbene could be followed, giving γ = 4.4 
x 10-3 and γ = 10.0 x 10-3 respectively. The enhanced rate in the mixture was attributed 
to secondary reactions. Anthracene and oleic acid coated particles were treated using a 
Langmuir-Hinshelwood mechanism from which the parameters KO3 (ozone partitioning 
coefficient) and kImax (maximum pseudo-first-order rate coefficient) could be extracted. 
For anthracene ozonolysis KO3 = 1.4 x 10-16 cm3 molecule-1 and kImax = 3.5x10-2 s-1. For 
oleic acid coated onto ammonium sulfate aerosols, values obtained were KO3 = 2.35 x 
10-15 cm3 molecule-1 and kImax = 0.56 s-1 at low RH% and KO3 = 1.71 x 10-16 cm3 
molecule-1 and kImax =0.33 s-1 at high RH%. The reduction in reactivity with increased 
RH% is principally attributed to the effect of surface polarity on ozone absorption. 
 5 
Declaration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I hereby declare that no portion of the work referred to in the thesis has been 
submitted in support of an application for another degree or qualification of this 
or any other university or other institute of learning. 
 
 
 
 
 
Ruth Wamsley 
 
 
 
 
 
 
 
 
 6 
Copyright Statement 
 
 
I. The author of this thesis (including any appendices and / or schedules to this 
thesis) owns any copyright in it (the ‘Copyright’) and she has given The 
University of Manchester the right to use such Copyright for any 
administrative, promotional, educational and / or teaching purposes.  
 
II Copies of this thesis, either in full or in extracts, may be made only in 
accordance with the regulations of the John Rylands University Library of 
Manchester. Details of these regulations may be obtained from the Librarian. 
This page must form part of any such copies made.  
 
III. The ownership of any patents, designs, trade marks and any and all other 
intellectual property rights except for the Copyright (the ‘Intellectual Property 
Rights’) and any reproductions of copyright works, for example graphs and 
tables (‘Reproductions’), which may be described in this thesis, may not be 
owned by the author and may be owned by third parties. Such Intellectual 
Property Rights and Reproductions cannot and must not be made available for 
use without the prior written permission of the owner(s) of the relevant 
Intellectual Property Rights and / or Reproduction.  
 
IV.  Further information on the conditions under which disclosure, publication and 
exploitation of this thesis, the Copyright and any Intellectual Property Rights 
and / or Reproductions described in it may take place is available from the 
Head of School of Earth, Atmospheric and Environmental Sciences (or the Vice 
President). 
 
 7 
Acknowledgements 
 
I would like to extend my sincere gratitude to a number of people, whose help aided in 
the completion of this project: 
 
Firstly, I extend a great amount of gratitude to my two supervisors, Carl Percival and 
Andrew Horn, for their guidance, support, proof reading and in depth discussions 
regarding numerous aspects of my project. Without their help and especially their 
patience I do not think I would have been able to complete much of the work described 
in my thesis.   
 
I would like to thank my co-worker Juan Najera for aiding in fixing many problems 
that occurred on the AFT. Often it seemed that his presence was enough to make the 
system work. His help in analysis and explanation of numerous key principles allowed 
me to gain a better understanding of the techniques and principles for determining 
aerosol kinetics.  
 
I am also grateful for the input from my other co-workers Kimberley Leather, Deborah 
Last, Sally Gregory and Gareth Hilton who participated in some parts of the laboratory 
work and in many useful discussions.  
 
I am also thankful to the rest of Carl Percival’s research group, specifically Kimberley 
Leather, Max McGillen, Jennifer Muller, Murray Booth and Asan Bacak who 
constantly listened to my problems and often highlighted different methodologies that 
could be adopted to solve these issues.  
 
I would especially like to thank members of my family such as my wonderful mother 
Margaret Holland, my step-father David Holland, my sister Anna Wamsley, my 
brother Christopher Wamsley and my granny Maud Gault who where constantly there 
for me during this project. Their unwavering support and comical antics have enabled 
and encouraged me throughout the good and bad times.  
 
Many thanks go to my partner Anthony Pritchard (and his immediate family) and my 
close friends Louise Reid, Lindsey White, Simon Stokes, Hayley Stafford, Philip 
Jones, Emma Tibbett, Chris Wright, Bobby Riley, Hayley Stafford, Philip Jones and 
others for listening to me rant about failed experiments and constantly cheering me up 
with outings and supportive chats.  
 
And finally, I would like to thank the funding body NERC who have sustained me and 
have sent me on excellent conferences to Grenoble, San Francisco and Sacramento.  
 
 8 
Studies of heterogeneous transformations of atmospheric 
particles 
Rationale for submitting this thesis in the alternative format 
 
The alternative thesis format was considered suitable because the research could be 
subdivided into a series of publishable articles, each of which could be completed in 
sequence, independent of the completion of the whole work. The alternative format is 
preferable for this study because it is considered to be more time-effective to prepare 
five journal articles for publication than it is to prepare the same material in a thesis 
format which may need extensive adaption prior to publication. It is therefore 
considered to be fortuitous that this thesis could be completed in such a way.  
 
The thesis will have an introduction chapter exploring the contest and rationale of the 
research. The next chapters will follow the progression of the research itself. A final 
concluding chapter which brings together the major findings of the research will be 
included at the end of the thesis. Overleaf is a flow chart of how the research has 
developed, the number assigned to each research paper represents the order in which 
they are presented in this thesis, and also the order in which they were completed.  
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(above): flowchart showing the progression of the research contributing to this thesis. 
Research Paper 1: Development of an 
analytical method to determine reaction 
products for stilbene ozonolysis in three 
phases.  
Application of IR detection method to 
ozonolysis reaction. 
Research Paper 2:  Kinetic study of 
stilbene ozonolysis in thin film and 
aerosol phase.  
Can the multi-analytical method quantify 
changes in products and kinetics for a 
binary organic mixture? 
Research Paper 3:  Kinetic study of the 
ozonolysis reaction of mixed oleic acid 
and stilbene in thin film and aerosol 
phase.  
Can these approaches be applied to more 
complex and atmospherically relevant 
systems? 
Research Paper 5:  Anthracene 
ozonolysis study to characterise products 
and quantify kinetics.  
Research Paper 4:  Kinetic study of the 
ozonolysis reaction of oleic acid on 
ammonium sulfate aerosols as a function 
of relative humidity 
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1. Introduction 
1.1 Atmospheric Aerosol 
 An aerosol is defined as a collection of liquid or solid material suspended in 
air.1 These particles have a short lifetime in the atmosphere within the range of days to 
weeks. A wide variety of atmospheric regions can be affected by aerosols as a result of 
both transportation and local chemical transformations.2 The climate effects of particles 
were first recognised in the early to mid 1970s, although the focus shifted during the 
1980s to determine the importance of greenhouse gas and carbon dioxide 
concentrations.3 Scientific interest in aerosols resumed in the late 1980s after the 
proposal of a link between marine biogenic aerosols and global climate.4 Following 
extensive modelling and field studies supported by laboratory work, it has now been 
demonstrated that aerosols do have both a chemical and physical (radiative) effect on 
the atmosphere. This research has concluded that aerosols exert a climate forcing 
comparable in magnitude, but opposing in sign, to that of greenhouse gases.5,6 
Atmospheric aerosols play an important role in climate change by modifying the 
radiative balance of the atmosphere. These particles have both a direct and indirect 
effect on the radiative forcing of the atmosphere as they can scatter and absorb 
radiation. Aerosol formation in the atmosphere is an important research issue since 
aerosol may act as cloud condensation nuclei (CCN) and could locally be troublesome 
from a health aspect specifically to the cardiovascular system. Cloud formation 
processes are affected by the presence of aerosols such that the droplet concentration 
increases. Particulate matter present in warm clouds can affect the droplet number 
concentrations resulting in alterations of the precipitation efficiency of the clouds. 
1.1.1 Radiative forcing effects of atmospheric aerosol 
 Radiative transfer theory describes the propagation of radiation through the 
atmosphere by determining single scattering properties or optical properties of the 
component and boundary conditions.7 The principles of this theory are well 
understood, however a substantial amount of uncertainty is still present. The 
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uncertainty associated with the radiative transfer model has been attributed to the input 
parameters utilised specifically the lack of knowledge regarding physical properties of 
numerous atmospheric species (such as concentration, distribution, solubility, albedo 
etc.).8 The current understanding regarding greenhouse gases and their physical 
properties has resulted in improved forcing estimates coupled with smaller associated 
errors.8 Unfortunately, the same degree of understanding cannot be ascribed to 
atmospheric aerosols whose complex nature and broad radiative effects has resulted in 
the generation of large errors within the calculations.  
1.1.1.1 Direct and Indirect Effects of Atmospheric Aerosol 
 Particles in the atmosphere can absorb and scatter radiation, classified as direct 
radiative forcing. Aerosols can therefore directly affect the amount of radiation 
reaching the Earth’s surface. The scattering of radiation causes atmospheric cooling, 
whereas the absorption of radiation results in atmospheric warming.8 Atmospheric 
particles also have the capability of re-emitting the absorbed radiation back into the 
atmosphere. Anthropogenic aerosols have been extensively studied allowing the 
radiative forcing effects of these particles to be determined to a high degree of 
accuracy.8  
With regards to the indirect effect, particulate matter alters the microphysical 
and optical properties of cloud droplets.9 This effect can be divided into two types of 
indirect effects. One of these effects is a higher albedo, which is caused by an increase 
in aerosol number concentration which subsequently results in an increased number of 
CCN.9 The albedo is commonly used as a measure to quantify the reflectivity of a 
surface and is calculated from the ratio of the total radiation reflected compared with 
the incident radiation.7 The second effect is that a decrease in the effective radius of the 
cloud droplet will result in the droplets remaining in the cloud suspension and 
subsequently reduce precipitation.9 This effect influences the initial droplet size 
distributions at the cloud base, and therefore influences the effectiveness of 
coalescence at a later stage in cloud development. 
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1.1.1.2 Determining radiative forcing of atmospheric aerosol 
Quantification of the radiative forcing of particulate matter in the atmosphere is 
significantly more complicated compared to that of greenhouse gas species. This 
difficultly is partly a result of aerosol mass and concentration variations within the 
atmosphere at a given time and position.8 Particulate matter possess a short lifetime in 
the atmosphere which allows for variations in concentrations to occur at numerous 
locations. These spatial and concentration alterations of aerosols produce a 
significantly large error for the associated radiative forcing as seen in Figure 1.8  
 
Figure 1: Estimates of radiative forcing for greenhouse gases, aerosols and clouds, 
IPCC Third Assessment 2001.8  
 
With respect to the radiative forcing by aerosols, the indirect effect has been credited 
with the largest uncertainty owing to the exceptional difficulty in quantifying the 
effect.10,11 In order to calculate the indirect radiative forcing of aerosols a number of 
crucial processes must be understood, specifically the aerosol distribution and cloud 
events. The quantification of the indirect effect is further complicated by the chemical 
composition and properties of the aerosol which can alter the activation of CCN.11 In 
order to effectively improve the current understanding regarding the radiative forcing 
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of aerosols, more precise measurements of physical and chemical properties are 
required coupled with accurate spatial and temporal resolved distributions.8  
 The radiative forcing of a species is quantified using a number of key 
parameters which are the mass light scattering efficiency (αsp), the functional 
dependence of light scattering on relative humidity (f[RH]), the single scattering albedo 
(ω0) and the asymmetry parameter (g).8 Establishing these wavelength dependent 
quantities allows both the optical depths and radiative perturbations to be calculated. 
The first parameter, the mass light scattering efficiency has commonly been defined as 
the scattering cross sectional area per unit mass of the particle.12 Atmospheric aerosols 
have a diverse chemical composition with each species contributing to the particles 
scattering ability, therefore the scattering efficiency must be determined for each 
species in order to quantify the overall mass light scattering coefficient.12 These values 
are usually obtained using a single-wavelength integrating nephelometer which 
measures the light scattering coefficient for a given wavelength.12 The functional 
dependence of light scattering with relative humidity has been considered previously as 
one of the most important factors in accessing the radiative forcings of aerosols as a 
result of its crucial role in cloud development.13,14 The hygroscopic behaviour of 
aerosols have been quantified using nepholometers at different relative humidities.14 
The single scattering albedo has commonly been defined as the ratio of the scattering 
efficiency to the total extinction efficiency. Quantifying this contribution has proven to 
be extremely complex as it must be calculated from Mie scattering and the refractive 
indexes of the chemicals present in the particle. Previous studies that have attempted to 
calculate the single scattering albedo have found that this parameter is dependent on 
the albedo of the underlying surface and the altitude of the aerosols.15 The final factor 
crucial to the determination of radiative forcing is the asymmetry parameter which is 
normally used to describe the angular distribution of scattered light. Unfortunately no 
direct method has currently been developed to measure this parameter and so an 
indirect method must be adopted. The most commonly used methods are Mie 
calculations, Henyey-Greenstein approximation, Dubovik inversion or Fiebig 
inversion.16 Once all the necessary parameters have been measured and the detailed 
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aerosol distributions have been determined the radiative forcing of aerosols can be 
quantified.  
1.1.2 Size Distributions of Atmospheric Aerosol 
The chemistry and physics of aerosols in the atmosphere is known to be 
strongly size dependent. Size is critical to aerosol climate influences such as light 
scattering ability and both optical and radiative properties. The ability for a particle to 
act as a CCN is also governed by its size. Particles in the atmosphere have been found 
to posses a range of diameters between 0.001 µm and 100 µm. Aerosols are therefore 
characterised according to their size into four distinct modes, three of which are shown 
in Figure 2.17  
 
Figure 2: Schematic showing the principle modes of atmospheric particles. The 
adapted figure depicts the atmospheric aerosol particle surface area-weighted size 
distribution.17 
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The term ‘coarse mode’ denotes particles with a diameter greater than 2.5 µm. The 
‘fine particle’ mode typically comprises the majority of both the number and mass 
fraction of the total aerosol population. This mode can be further divided into three 
modes which are the ultra fine particle mode containing particles with diameters less 
than 0.01µm, the nucleation (or Aitken) mode for diameters between 0.01 and 0.1 µm 
and the most important which is the accumulation mode for particles between 0.1 and 
2.5 µm.9 Recent technological advances in experimental techniques have enabled 
characterisation of the ultra fine mode which has resulted in an enhanced atmospheric 
interest.7 The Aitken mode only contributes a few percent to the total airborne mass 
even though the number density for this mode is significantly large. These particles are 
formed from both the condensation of hot vapours during combustion and nucleation 
of atmospheric species. Particulate matter in this mode predominately exhibits 
Brownian motion and processes owing to the small particle size. The particles in this 
mode are predominantly lost via coagulation either with other Aitken mode species or 
with larger particles. The accumulation mode accounts for a significant proportion of 
the total aerosol mass in the atmosphere and the majority of the surface area of the 
aerosol. The main sources for this mode are the coagulation of particles in the Aitken 
mode, condensation of vapours onto pre-existing particles and the hygroscopic growth 
of particles. These particles are known to ‘accumulate’ as a result of inefficient 
removal within the mode. Particles in the accumulation mode produce the majority of 
the atmospheric CCNs, have the highest light scattering ability and the longest 
atmospheric lifetime. The particles that contribute to the coarse mode are produced 
mechanically from both natural and anthropogenic sources. These particles often have 
a short atmospheric lifetime as a result of gravitational settling and washout processes. 
Atmospheric aerosol distributions can be represented by various different mathematical 
functions. The most commonly used is the lognormal distribution and the power-law 
though the log-normal distribution is often the most applicable.18,19  
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 Size distributions are normally characterised by a plot of a value which is 
related to the number of particles against a measure of the particle diameter. Although 
aerosol particles posses a range of sizes, a considerable proportion of the distribution is 
small in size. This results in a large sharp peak at the lower end of the particle number 
(N) vs. diameter (D) plot. This problem can be solved by producing a logarithmic 
distribution by using log D (or ln D) instead of D on the x-axis. This allows for a larger 
size range to be shown on the graphs.7 Unfortunately, a further problem arises form 
this graphical representation in that the intervals of log D are not equal in width. The 
resulting plot will produce a distorted view of the distribution as large intervals will 
have a large population of particles.7 To resolve this issue and produce an improved 
physical description of the distribution, a modified plot of the number of particles 
normalised to the width of the diameter is often used (∆N/∆log D).7 The area under the 
curve is equivalent to the total number of particles.  
The shape associated with aerosol size distributions can be complex as a result 
of numerous modes being produced from particles with different sources. 
Mathematical functions have been used to fit both atmospheric and laboratory 
generated aerosol data such as the power law and the log-normal distribution. The log-
normal distribution has been established as the most suitable representation for aerosol 
size distributions. In a log-normal distribution log D is assumed to have a normal 
distribution which can be calculated using Equation 1.7  








= 2
2
)(ln2
)]/[ln(
exp
ln2ln g
gN
g
T DDN
Dd
dN
σσπ
   (1) 
where N is the number of particles with diameter whose log are between ln D and ln D 
+ d ln D, NT is the total number of particles, σg is the geometric standard deviation and 
gND  is the geometric mean diameter. In a log-normal distribution the geometric mean 
diameter is equivalent to the number median diameter and related to the arithmetic 
mean of the logarithm of the diameter. The geometric standard deviation measures the 
spread of the distribution and 68% of the distribution will be found between D/σg and 
D*σg. 
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 A significant advantage of illustrating aerosol distributions with a log-normal 
distribution is that the geometric standard deviation will be identical for all types of 
distributions such as mass, number, surface and volume.7 Atmospheric aerosol 
measurements quantify one parameter as a function of size which may be the particle 
number, mass, surface area or volume. From the collected data both the geometric 
mean and standard deviation can be determined. These values can then be used to 
calculate the mean diameters for the other parameters as the standard deviation will be 
the same. This conversion is carried out using Equation 2.7  
)](lnexp[ 2 g
gN
b
D
d σ=     (2) 
where d is the average diameter to be determined (for mass etc.) and b is the constant 
related to this type of mean. This conversion allows for the measurements of one 
parameter to be used to determine the distributions of other characteristics of the 
particles such as mass, surface area and volume. 
1.1.3 Composition of atmospheric aerosol 
 Aerosols contain numerous compounds, which may have various chemical and 
physical properties in variable proportions and states of mixing.2 The composition and 
mixing state of atmospheric aerosols are important in determining their radiative effect 
and water uptake properties. These particles can be emitted into the atmosphere directly 
or formed by chemical reactions. Depending upon the method by which particles are 
formed aerosols can be classified as either primary or secondary. The importance of 
these categories of aerosol will be dependent on the geographical location and 
atmospheric chemistry.  
Primary aerosols are injected directly into the Earth’s atmosphere and the 
largest contribution to this type of particle has been determined as sea salt and dust. 
Sea salt aerosol exerts strong influences on a number of factors, examples include 
radiative transfer, cloud formation, meteorology and chemistry in the marine 
atmosphere. The sea salt particles form when breaking waves mix air into the sea water 
which ultimately causes bubbles to rise to the surface. The size of these aerosols is 
dependent on the exact injection method. Bubble bursting and cap shattering have been 
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found to produce thousands of tiny film drops with a size between 0.5 and 5.0 µm. 
During bubble cavity collapse a rising water jet is produced which results in the 
formation of particles between 3 and 50 µm. At high windspeeds sea salt can enter the 
atmosphere as spume drops which are torn directly from the breaking wave into the air. 
The sizes of the spume drops are dependent on windspeed and so have the largest 
particle range between 20 and > 500 µm.20 The atmospheric lifetime of sea salt 
particles have a significantly large range as a result of the variation in sizes formed. 
Dust particles are another common source of primary aerosols which have a large size 
and consequently a short atmospheric lifetime. The minerals that are contained in the 
dust particles allow light to be scattered and absorbed.21 This absorption results in a 
warming of the area of the atmosphere in which they reside. One of the major sources 
of dust particles is the desert regions in the Northern hemisphere.21 The particle 
distributions generated from these sources have been found to be dependent on wind 
speed and soil type.  
Secondary aerosols can either be created or altered through chemical reactions 
in the atmosphere. Chemical processes in the atmosphere can occur through a vast 
array of mechanistic pathways. An important source of these aerosols is from gas-
phase reactions which produce low vapour-pressure compounds which subsequently 
nucleate to form new particles or which condense on pre-existing particles. 
Coagulation of particles to form secondary aerosols can also occur under these 
conditions. These aerosols can also form from the reactions of surface bound gas 
species onto and in existing particles. Unfortunately the nature of these reactions and 
the extent to which they contribute to particle growth is currently unknown. Another 
important mechanism occurs during the chemical reactions within the aqueous phase of 
fogs, clouds and particles. These processes can promote the formation of secondary 
aerosols and play a vital role in the production and oxidation of sulphuric acid. 
For an understanding of the direct and indirect effects of atmospheric aerosols, 
the mixing state is as important as the method by which the particles were formed. 
Studies have shown that the mixing state of aerosols does not remain constant but 
actually evolves over time.22 Initially particles enter the atmosphere as an external 
mixture.22,23 These particles essentially consist of either discrete particles of relatively 
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pure substances. Over time particles can interact with gas-phase species and other 
particulate matter which will result in the formation of a compositionally similar 
internal mixture.22 Studies have shown that internally mixed particles can be 
homogeneously mixed, have core-shell morphology or be composed on inclusions of 
different compounds. The composition and type of mixing in the aerosol is dependent 
on the emission source of the particle, the composition of the air mass surrounding it 
and the ageing process it undergoes whilst residing in the atmosphere.  
1.1.4 Organic Aerosols 
Analysis of the composition of tropospheric aerosols has shown that, although 
inorganic species such as nitrates and sulphates are common components, the most 
significant proportion of the mass can be attributed to organic components. These 
organic aerosols (OA) are of significant interest to the atmospheric community as they 
not only constitute a large fraction of the mass of fine particles (which have a 
substantial effect on human health)24 but are also known to contain a highly complex 
mixture of many tens to thousands of different organic species which can subsequently 
undergo oxidation.25,26 Studies in 1965 and 1972 first indicated the presence of OA by 
observing the formation of sub-micrometer solid and liquid particles over forested 
areas.27,28 Research has also determined that the loading associated with organic 
aerosols has increased by 65% since the pre-industrial period2 with a substantial 
proportion present in the middle of the troposphere.29,30 In order to improve the current 
knowledge surrounding the environmental issues associated with OA it is necessary to 
quantify the concentrations, characterise the composition and determine the sources of 
these aerosols.30 OA are often categorised according to the method by which they enter 
the atmosphere into primary organic aerosols (POA) and secondary organic aerosols 
(SOA). Previous studies have shown that the composition, physicochemical and optical 
properties of an aerosol can be correlated to the particles source.2 Owing to POA and 
SOA sources being distinctly different the climate and environmental impacts will vary 
significantly for each category of OA.2 It is therefore crucial that OA sources are 
identified in order to determine the absolute effect these aerosols have on the 
atmosphere.31  
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1.1.4.1 Primary Organic Aerosol (POA) 
POA are emitted directly into the atmosphere from a number of natural and 
anthropogenic sources. This type of particle does not contribute a significant amount to 
the overall mass fraction but are a controlling factor for the ultrafine fraction.32 This 
fraction can have a crucial effect on human health as the particles are potentially small 
enough to enter directly into the lungs.32,33 The main sources of POA are burning of 
fossil fuels and biomass34, the transport sector (gasoline and diesel vehicles)35 
industrial sources of combustion and cooking.36 Recent work has also suggested that 
biogenic sources play an important role in POA formation.37,38 Previous work have 
shown that plants emit particles by a number of processes such as electrical generation 
in leaves,27 vegetation decay39 and mechanical abrasion from leaves as a result of wind 
velocity.40 A reliable estimation of the contribution of primary biogenic particles to the 
OA burden over rural areas specifically forested areas has been proven to be extremely 
difficult due to the lack of knowledge regarding the total emission.3 In general 
anthropogenic sources are quantified for POA emission and usually equate to a 
contribution from fossil fuel combustion (<10%), charbroiling (10 – 15%) wood curing 
(10%) and food cooking (6%). These POA sources have commonly be catergorised 
into three sections which are transport, cooking and solid fuel burning.32 The 
contributions from each category described are dependent on ambient temperature and 
also the geographical locations. In the UK urban environments the main sources were 
found to be traffic (40%), cooking (34%) and solid fuel emission (26%) during the 
colder months and in the warmer months the contribution from solid fuel emissions 
was practically negligible.32 This was most likely a result of the increase in ambient 
temperature and associated reduced requirements for space heating.32 The particles that 
are emitted from traffic sources have been found to have a bimodal size distribution 
with each mode approximately equivalent in total mass.35 One of the modes was seen 
below 20 nm and the other between 30 and 100 nm.35 Studies have also been carried 
out to determine the exact composition of the particles emitted during cooking. 
Extensive characterisation of the organic species emitted during cooking have found 
that the particles are largely generated from the plant oils used in the process.32  
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1.1.4.2 Secondary Organic Aerosol (SOA) 
The significant contribution of SOA to the total particulate matter in the 
atmosphere coupled with aerosols climate, air quality and human health impacts has 
been recognised by researchers and consequently has stimulated scientific research 
interest.41-43 Despite the apparent importance of SOA, the current understanding 
regarding the formation and evolution pathways of these particles is significantly 
lacking in many perspectives.42,44 SOA is often determined as being condensed phase 
organic material that has been formed during gas-phase oxidation and photo-oxidation 
reactions of POA and other organic species in the atmosphere.45,46 A significant 
proportion of organic compounds that are emitted as particles into the atmosphere can 
initially partially evaporate into the gas-phase and undergo reactions before condensing 
back into the particulate phase.43,47 One of the most common compounds that 
undergoes transformation reactions (such as oxidation) in the atmosphere are volatile 
organic compounds (VOCs) and so are often referred to as SOA precursors.48 The 
products formed from the corresponding reactions possess very different 
physiochemical characteristics to that of the parent species such as contrasting 
solubility, hydrophobic/hydrophilic behaviour, volatilities (usually smaller) and CCN 
activity.2 These secondary non-volatile or semi-volatile species readily partition into 
the organic and/or aqueous aerosol phase thus producing SOA.49,50 Recently the 
importance of semi-volatile and intermediate-volatile organic species (SVOC and 
IVOC) in the formation of SOA has been highlighted.51-53  These compounds are 
defined according to their effective saturation concentrations and are less volatile than 
the traditional SOA precursors.52,54 SVOCs are defined as any compound that 
possesses more than 1% of its mass in both the condensed and vapour phases whereas 
IVOCs are defined as compounds that exist completely as vapours.52,54  Evaporation of 
SVOCs during the emission dilution process allows gas phase reactions to occur 
followed by partitioning into the particulate phase.55 This partitioning has been 
suggested to occur via absorption processes which is controlled by the saturation 
vapour pressure of the organic species.56-58  
One of the most common transformations of these compounds in the 
atmosphere is oxidation. The oxygenated products formed in the reactions have a wide 
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range of volatility. Products with low vapour pressures will either readily partition into 
the particle phase59 or nucleate to form particles60 whilst those that are semi-volatile 
will exist substantially in both the gas phase and condensed phase61 and the products 
with high vapour pressures will be readily oxidised into products that have lower 
vapour pressures thus condensing into the particulate phase.52 Recent studies have also 
found that a substantial amount of high molecular weight species are present on 
organic aerosols, which are most likely formed from the accretion reactions of 
oxygenated products occurring in the condensed phase.49,62 Reactions that occur in the 
condensed phase may enhance uptake of organic material and its subsequent retention 
within the particle.62  
1.1.4.2.1 Sources of SOA 
 Contributions of SOA with respect to the total OA measure mass have been 
found to vary significantly with season and location within the range of 20 – 80%.63,64  
These aerosols are mainly produced as a result of oxidation reactions of VOC 
precursors.65,66 These species are emitted from a diverse range of biogenic and 
anthropogenic sources into the Earth’s atmosphere. The global contribution from 
biogenic VOC emissions has been found to exceed that of anthropogenic sources by 
approximately one order of magnitude.67 Anthropogenic sources have been found to 
dominate in urban areas with relatively little vegetation.59 The major anthropogenic 
sources are motor vehicles, oil and chemical industries and solvents.68 The emissions 
from coal combustion have decreased significantly over the last decade with the 
consumption in the UK decreasing by 30% in 1992 from that seen in 1988.68 Chen et 
al.69 concluded that the dominant anthropogenic sources of SOA in San Joaquin Valley 
were solvent use (28%), catalyst gasoline engines (25%), wood smoke (16%), non-
catalyst gasoline engines (13%) and other anthropogenic sources (11%).  
One of the most important classes of OA present in the Earth’s atmosphere is 
widely assumed to be SOA produced from biogenic VOCs.41,70 Products formed from 
the oxidation of these species have been observed in various field measurements that 
utilise aerosol molecular tracers.71,72 The main biogenic sources are areas containing 
large quantities of vegetation such as forests and fields.3 Terpenes are the main class of 
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VOCs that are emitted by vegetation with the main contribution from isoprene with 
smaller proportion from monoterpenes and sesquiterpenes.73,74 The oxidation products 
of terpenes can have very low vapour pressures, condensing on existing aerosols to 
form SOA or, possibly, nucleating to form fresh particles.60 The majority of studies 
concerning the atmospheric chemistry of BVOCs have focused on isoprene and 
monoterpenes because of their abundance of emissions.67 Isoprene in particular has 
received significant interest from researchers in atmospheric science. Field, 
experimental and modelling studies have shown that SOA formation from isoprene 
oxidation contributes significantly to the atmospheric organic aerosol budget.75 Carlton 
et al.75 have estimated that the overall contribution from isoprene may be equal to as 
much as 30% of the annual global SOA, though substantial uncertainties remain. 
Bessagnet et al.55 have suggested that the underestimation of OC concentrations in 
Southern Europe simulations could be explained by isoprene chemistry and the 
resulting SOA formed from the reactions.  
1.1.5 Organic species present in atmospheric aerosol 
Organic aerosols present in the atmosphere are known to posses a vast array of 
compounds which result in the particles exhibiting a vast array of physical properties.76 
Atmospheric scientists have estimated that between 10,000 and 100,000 different 
organic species have been measured in aerosols.77 This quantitative analysis only 
accounts for approximately 20% of the resolved individual masses of the organic 
species present in aerosols.23,78-80 The difficulty in characterising organic species 
present in aerosols is further complicated based on the fact that numerous organic 
compounds undergo a number of atmospheric degradation processes resulting in a 
range of oxidised species being produced.81 
Field measurements often utilise aerosol mass spectrometry (AMS) to 
characterise the organic species present in particles.82-84 These systems have the 
capability to sample aerosol particles directly from ambient conditions into an ion 
source region making them exceptionally practical for field campaigns.85 It is however, 
important to note, that although the AMS system can obtain real-time data the chemical 
information regarding the organic composition of the aerosol is limited to the evolution 
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of the chemical functionality.81,86 The difficulty in quantifying the mass spectra 
obtained for atmospheric aerosols has commonly been attributed to the unidentified 
matrix effects observed between characterised and unknown components.87 In order to 
simplify the resulting AMS measurements for organic aerosols the mass spectra are 
separated into several characteristic factors.81 The simplest and most commonly used 
approach utilises two parameters to explain the majority of the organic species present 
in atmospheric aerosols.81 In this method ambient OA spectra are separated into 
Hydrocarbon-like Organic Aerosol (HOA) and Oxidised Organic Aerosol (OOA). 
HOA contains relatively reduced number of organic species, specifically 
aliphatic hydrocarbons and polycyclic aromatic hydrocarbons. Typically aliphatic 
hydrocarbon species consist of alkanes, alkenes and alkynes such as decane, eicosane, 
hexene, decene and octane and examples of polycyclic aromatic hydrocarbons found in 
the atmosphere are anthracene, naphthalene, chrysene and benzopyrene. AMS analysis 
has concluded that HOA comprises of approximately 10% of the total organic carbon 
and 5% of the OA.44 HOA has also commonly been considered as a surrogate for POA 
owing to the strong correlation displayed between the obtained mass spectra and 
combustion tracers such as CO, NOx and elemental carbon (EC).81,88 This has resulted 
in the amounts of HOA being coupled with anthropogenic POA for global budget 
estimates, which have consequently been consistent with estimations obtained using 
top-down fluxes.81  
In contrast OOA contains relatively oxidised organic compounds specifically 
species with acid, aldehyde, ketone and alcohol functionalities. A number of these 
species have been resolved such as anthrone, oleic acid, linolenic acid, heptanal, 
nonanal and numerous furanones. As seen with HOA, OOA is commonly used as a 
surrogate for SOA owing to the strong correlation with sulfate, a secondary inorganic 
tracer.81,89,90 In areas which display dominant contribution from highly polar species the 
resulting OOA amounts have been found to be extremely large further supporting the 
concept that OOA is related to SOA formation.91 The contribution of OOA to the total 
OA varies significantly at various locations with urban areas containing on average 
64%, urban downwind sites 83% and rural/remote sites 95%.44 Further analysis has 
ascertained that OOA can be sub-divided into two different oxygenated components 
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specifically OOA-1 which is associated with low volatility species that have aged and 
OOA-2 correlated to fresher, high volatility compounds.81,88  
1.2 Trace gas heterogeneous uptake processes 
 As a result of numerous laboratory and field studies it has been demonstrated 
that the heterogeneous uptake of trace gases by condensed phase materials can play a 
crucial role in the transformation and environmental fate of many atmospheric 
species.92 The heterogeneous interactions of trace gases with liquid and solid cloud 
droplets and aerosols have been found to strongly influence two critical atmospheric 
properties which are the distributions of reactive atmospheric trace gases92,93 and the 
physical properties of aerosols.92,94 Trace gas oxidants have the potential to alter the 
chemical composition of the aerosol. These transformations have a direct impact on not 
only radiative effects of the atmosphere but also on atmospheric processes such as 
cloud formation, precipitation and the oxidising capacity of the atmosphere. 
 Aerosol bulk phase and surface reactions alter both trace gas distributions and 
concentrations in the atmosphere.95 The methods of trace gas uptake can proceed via 
dissolving or coating either onto or into the particle. In the atmosphere some reactions 
between trace gas species are unfavourable owing to the high energy barriers, however 
aerosol particles can facilitate these reactions either by the reduction of energy barriers 
via adsorption of one or more components onto the surface or by making an ionic 
reaction pathway available.95 One of the most important of these reactions is the 
hydrolysis of N2O5 either in or on a condensed phase surface.96 Aerosol particles can 
promote the separation of soluble and insoluble gas-phase species. The soluble species 
can be taken up by the particle thus leaving the insoluble species in the gas-phase. This 
separation can lead to significant changes in the gas-phase chemistry of the atmosphere 
such as photochemical ozone production.97 Cloud droplets will readily uptake the 
soluble species such as CH3O2H and HO2.97 The concentration decrease of these 
species will reduce the reaction rate for the production of ozone.97 Aerosols are also 
involved in photochemical processes in the atmosphere as a result of their radiative 
effects.98 It is apparent that heterogeneous processes can readily alter concentrations of 
photochemical oxidants, free radicals, acid gases and numerous volatile species. The 
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fluctuations in these concentrations have a substantial impact on both atmospheric 
processes and phenomena such as photochemical smog, stratospheric ozone depletion 
and tropospheric oxidative cleansing.99 Previous studies have shown that the UV-
scattering ability of atmospheric aerosols can have a significant effect on smog 
production such that particles that readily scatter UV light will enhance the production 
while absorbing particles will inhibit production.100,101 The uptake of ozone and other 
oxidants by aerosols can not only alter the oxidants concentration but may affect the 
oxidising capacity of the atmosphere. This cleansing relies on reactions of harmful gas-
phase species with the hydroxyl radical. A decrease in both the production and overall 
concentration of this radical will significantly reduce the cleansing ability of the 
troposphere.102 Heterogeneous reactions of trace gas species on polar stratospheric 
cloud particles can increase the rate of ozone depletion.103,104 These particles increase 
the rate of reactive halogen regeneration by the adsorption of nitrates and nitrogen 
oxides. The reactive halogens break down the ozone thus increasing stratospheric 
ozone depletion. 
Extensive research has determined that the uptake of trace gases can greatly 
affect the physical properties of the atmospheric aerosol such as the size, 
hygroscopicity, CCN activity and light extinction.41,105,106 Altering these physical 
properties can have a significant affect on the radiative properties of the aerosol. The 
size and optical properties of the aerosol particles depict whether radiation will be 
scattered or absorbed in the atmosphere. Changing these properties can potentially alter 
the radiative forcing which can influence radiative fluxes in the atmosphere.5 The size 
and hygroscopicity can affect the ability of the cloud to act as a cloud condensation 
nuclei. These properties can affect not only the rate of water condensation onto the 
particle but also the type of cloud produced. The physical properties of the cloud 
produced are also heavily dependent on the properties of the aerosol. This can result in 
significant alterations to cloud formation and precipitation patterns.107 The chemical 
composition of the particle plays a vital role in not only the radiative properties but can 
affect the aerosols ability to form cloud condensation nuclei. Uptake of oxidants by the 
particle can considerably modify the composition and consequently change the 
properties such as the surface activity and efficiency to uptake water.  
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 The importance of these trace gas uptake processes within the atmosphere and 
their impact on climate is of great concern to the atmospheric community.108 
Understanding the processes and reactions occurring as a result of trace gas uptake is 
necessary in order to characterise any impact the processes have on both the current 
and future climate. For numerous groups within the atmospheric community these 
heterogeneous reactions can greatly affect key aspects of their research if the reactions 
are not fully characterised. Both atmospheric chemists and climate modelers require a 
sufficient knowledge of the reactions that specific functional groups undertake in order 
to systematically explain both the trace gas and aerosol amounts in the atmosphere. 
This understanding is also crucial for both laboratory scientists that quantify the 
chemical and physical reactions that occur in the atmosphere and also for field 
researchers that quantify numerous atmospheric properties as these reactions can 
greatly influence these processes. 
1.2.1 Types of surfaces suitable for trace gas uptake in atmosphere 
 Trace gas uptake processes occur at the interface between the gas phase and the 
solid or liquid phase of the aerosol particle. There are a wide variety of aerosol surfaces 
that readily uptake gas phase species in the atmosphere. The types of surfaces in the 
atmosphere that undergo the heterogeneous processes can be characterised by the 
chemical composition and phase of the aerosol. One collection of aerosols that are 
often categorized together is the atmospheric aerosols, cloud droplets and aqueous 
droplets or salts. These aerosols can not only change phase depending on the 
surroundings but also have a complex chemical composition. The atmospheric 
conditions such as temperature and relative humidity often govern the phase of these 
aerosols. Both aerosol particles and cloud droplets can occur in a liquid or solid 
phase.92 Aqueous droplets may change from liquid to ice and aqueous salts can readily 
cycle between liquid and crystalline phases.92 Similarly, secondary aerosol surfaces can 
exist in both the liquid and solid phase whereas primary aerosols are emitted as solid 
particles.  
In the case of mixed particles the composition of the species present can 
essentially determine whether the aerosol is solid or liquid phased. Recent studies have 
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shown that the organic compounds can form in various phases or as layers on or in the 
particle depending on the morphology of the particle and the relative humidity.44,92 On 
solid particles the organic fraction is most likely to form on the surface as monolayers. 
In aqueous particles or droplets the geometry of the organic contribution can vary 
depending on the solubility characteristics of the compounds. Hydrophilic organics can 
readily dissolve into the aqueous solution with the other components of the particle. 
Whereas, hydrophobic organics will oppose dissolving into solution and so may 
produce either layers on the surface of the aqueous particle or produce hydrophobic 
areas within the particle itself. The high surface activity that these organic species 
possess can greatly affect the phase of the surface and subsequently alter the properties 
of trace gas uptake.92  
The complexity of the composition of surfaces present in the atmosphere makes 
it impossible to carry out detailed studies of the trace gas uptake processes with the 
current level of understanding. In order to simplify the uptake processes and increase 
knowledge regarding these processes studies are most commonly carried out on either 
single systems or aerosols containing only a few components.109-112 More recently 
studies have utilised multiple component systems where the components have been 
systematically varied to increase complexity while maintaining a sufficient level of 
understanding regarding the process.112,113 It is therefore apparent that in order to fully 
understand the complex heterogeneous reactions occurring on atmospheric aerosols it 
is necessary to characterise the processes on simple systems initially.  
1.3 Surface Chemistry 
 Heterogeneous reactions in aerosols and droplets occur at the interface between 
the gas phase and either the solid or liquid phase.7 These interactions between the trace 
gas and the surface of the particle involve numerous transport and kinetic processes 
such as gas phase diffusion to the surface, thermal accommodation with the surface, 
reaction at the surface and absorption or desorption to the surface.114Additional 
contributions seen in both liquid and amorphous solid systems, specifically interfacial 
mass transport of trace species, solvation, bulk phase diffusion and bulk phase reaction 
can substantially increase the complexity of the uptake process.114 All the described 
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processes contribute to the overall net gas uptake (γ) which has previously been 
defined as the ratio of the number of gas molecules removed from the gas-phase (net 
loss) divided by the total number of gas collisions with the surface.92 The sheer 
complexity of the trace gas uptake process for both solid and liquid surfaces warrants 
the use of phenomenological theories in order to both evaluate laboratory results and 
model impacts of the uptake on atmospheric processes.92  
1.3.1 Adsorption of gases onto solid surfaces 
 Adsorption occurs after trace gas molecules collide with the solid particle and 
remain at the surface for a period of time while retaining a proportion of their 
collisional kinetic energy.92 On solid surface adsorption of the trace gas can occur 
through either physisorption or chemisorption. Physisorption processes occur when the 
accommodated or absorbed trace molecule is bound to the surface by intermolecular 
forces such as van der Waal or hydrogen bonds.92 In contrast, during chemisorption the 
interaction between the adsorbed trace gas and the surface of the particle results in the 
formation of a chemical bond which is usually covalent in nature. Comparisons of the 
distance between the physisorbed and chemisorbed molecules to the surface of the 
solid has determined that the bonds produced in chemisorption are significantly smaller 
in length resulting in the trace gas molecule being held closer to the surface.115 In order 
to efficiently describe adsorption, isotherms are usually generated which correlate the 
amount of adsorbate on the surface as a function of pressure (if gas) or concentration if 
liquid) at constant temperature. The Langmuir isotherm is most commonly utilised for 
trace gas uptake on solid surfaces owing to its simplicity.116 This semi-empirical 
isotherm is derived from a proposed kinetic mechanism and based on three 
assumptions:116  
• Adsorption cannot proceed beyond one monolayer of coverage. 
• The particle surface is uniform and all adsorption sites are equivalent. 
• There are no interactions between adsorbed molecules so that the occupation of 
neighboring sites has no effect on the ability of a molecule to adsorb at a given 
site.  
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Realistically a number of these assumptions, such as the surface uniformity, will not 
hold for atmospheric particles. 117 Nonetheless the Langmuir isotherm can still 
efficiently describe the adsorption process and is commonly utilised for modelling 
systems.  
1.3.2 Heterogeneous reactions on solid surfaces 
Bimolecular reactions involving solid surfaces rely heavily on adsorption of the 
trace gases before the subsequent reaction of the surface adsorbed species.118 The 
Langmuir-Hinshelwood mechanism takes into consideration reversible adsorption 
processes and the reaction at the surface followed by a slower surface reaction. This 
mechanism involves two main processes, one of which is the equilibrium partitioning 
of the trace gas between the surface and the gas-phase.119 The other is that the reaction 
between the organic species and adsorbed trace gas occurs both in and/or on the 
particle.119 Utilising these key principles for the reaction mechanism the process can be 
efficiently described depending on the trace gas concentration.120 For low gas-phase 
concentrations the reaction rate would be proportional to the product of the trace gas 
and organic reactant concentrations at the particle surface.119,120 In contrast, at high gas-
phase ozone concentrations, the surface coverage of the trace gas will approach 
saturation therefore there are less available sites for adsorption onto the aerosol, thus 
making the reaction independent of trace gas concentration.119,120 In the Langmuir-
Hinshelwood type mechanism, the relationship between the observed rate constant 
(denoted as kI) and the trace gas (denoted as B) can be modeled using equation 3.118,121  
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where KB is the trace molecules gas-to-surface equilibrium constant, kImax is the 
maximum pseudo-first-order rate coefficient observed at high trace gas concentrations 
and [B]gas is the concentration of the trace gas species.118,121 The uptake coefficient (γ) 
for the reaction of the trace gas on a solid particle can be ascertained for a simple 
bimolecular reaction using equation 4.118  
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where σorg is the organic species molecular cross section and cB is the mean speed of 
the trace gas molecules.118  
1.3.3 Uptake and reactions of gases on liquids 
Uptake and the reaction of trace gases on liquid surfaces is significantly more 
complex owing to the impact of diffusion of the gas into the bulk of the particle. This 
diffusion produces another pathway by which the trace gas species can react with the 
particle, which is consequently often termed as the reaction in the bulk. A variety of 
systematic steps occur during the uptake of trace gas species on liquids, including trace 
gas transport, mass accommodation, diffusion into the bulk, reaction in the bulk and 
surface reactions.122 The first stage of the uptake sequence is the transport of the gas 
and the initial interaction with the surface. On collisions with the surface the trace gas 
can either be scattered back into the gas-phase or be taken up by the surface of the 
particle.122 In order to quantify this process it is necessary to establish a number of 
parameters specifically the gas-phase diffusion constant (of the trace species), the gas-
surface collision frequency (both of which can be obtained from kinetic molecular 
theory) the gas concentration, the temperature and the molar mass of the trace 
molecule.7 The next stage in the uptake sequence is the uptake of the gas at the gas-
surface interface which has been commonly described by the mass accommodation 
coefficient, α. This parameter is equivalent to the fraction of gas-surface collisions that 
result in gas molecules entering the particle phase as opposed to being scattered.7 Once 
the trace gas has been taken up by the particle a number of subsequent pathways can be 
taken such as diffusion into the bulk, reaction in the bulk and reaction at the surface. 
Diffusion of the trace gas from the interface into the bulk of the liquid is significantly 
slower than diffusion in the gas-phase. In order to quantify this step in the sequence the 
diffusion constant of the trace gas in the liquid is required (D1).7 This step can be rate-
limiting under specific conditions such as high reactant concentrations thus resulting in 
a high rate of chemical reaction.7 In contrast, when the reaction in the bulk is 
sufficiently slow compared to the accommodation and diffusion processes a dynamic 
equilibrium is set up where the gas phase and liquid phase concentrations are related by 
the Henry’s law constant, H, and the subsequent rates of uptake into the liquid and 
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evaporation of the gas from the liquid are equal.7 When the rate of reaction is of the 
order of or faster than diffusion in the liquid the relative magnitude of these variables 
determines whether the reaction occurs throughout the bulk of the liquid (bulk 
reaction) or is confined to a layer close to the surface (surface reaction). The 
mechanism by which the reaction occurs at the surface is different to that seen for the 
reaction in the bulk of the particle.122  
1.3.3.1 Multiple uptake process models 
 The numerous parameters that contribute to the overall trace gas uptake on 
particles confirms the sheer complexity of this process. In order to evaluate laboratory 
results and determine the impacts of trace gas uptake on atmospheric processes it is 
necessary to use phenomenological models such as the continuum flux model, kinetic 
flux model and the kinetic resistance model.92 In the continuum flux model flow 
formulations are utilised for mass and heat transport through coupled differential 
equations and correction factors for kinetic effects at the gas-particle interface.92,123-125 
The kinetic flux model relies on coupled differential rate equations of mass transport 
and chemical reactions using gas kinetic formulations with correction factor for gas 
phase diffusion effects.92,121,126 The kinetic resistance model uses a linear combination 
of flux resistances in analogy to resistances in electric circuits.92 Essentially this model 
relates the net uptake of a gas into a liquid (γnet) to a set of ‘conductances’, Γ, based on 
the normalisation of the rates of the key steps for gas-surface collisions (as shown in 
equation 5).122  
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where gdiffΓ represents the transport of the trace molecule to the interface, α is the mass 
accommodation coefficient, rxnΓ  denotes the reaction in the bulk and solΓ describes the 
solubilisation and diffusion into the liquid phase. It is important to note that this model 
neglects any contribution of a surface specific reaction to the overall uptake. This has 
resulted in the described model being adapted in order to describe transformation of the 
condensed-phase reactant thus allowing for the reactive uptake of trace molecules to be 
determined.110,122,127 
 33 
1.3.3.2 Adaption of the resistor model  
 In the adapted resistance model the adsorption effects are divided and 
additional resistances are included. In order to achieve the desired separation for 
adsorption two different parameters are defined in the model, which are the adsorption 
coefficient (S) and the mass accommodation coefficient (α).122 The adsorption 
coefficient defines the probability of a molecule being accommodated on the surface of 
the particle and is therefore relevant to the surface reaction.122 In contrast, the mass 
accommodation coefficient is the probability that a molecule striking the surface enters 
the bulk (liquid) of the particle and consequently concerns the reaction occurring in the 
bulk of the particle.122 The additional conductances that are included in the model 
describe the reaction at the surface (Γs) and the diffusion-limited mixing within the 
particle ( pdiffΓ ) thus resulting in the conductance denoting the solubilisation of the gas 
into the bulk being omitted.122 The adapted resistor model depicted as an electric 
circuit can be seen in Figure 3.122 
 
Figure 3: The resistor model.122 
 
The measured flux, Jx, into a surface has been determined as being proportional to the 
collision rate per unit area ( 4/)( cn gx ) can be expressed as being and the measure 
uptake coefficient, γmeas, as shown in equation 6.122 
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where nx(g) is the concentration of trace gas (species X) and c  is the mean thermal 
speed of the trace gas. Provided the reaction of X with the particle species (Y) results 
in an equivalent stoichiometric loss of X and Y, then the volume averaged loss rate of 
Y can be determined using equation 7.122 
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where a denotes the particle radius and the factor 3/4a represents the surface-to-volume 
ratio of the particle. Currently a solution of the resultant expression for the loss rate of 
Y has not yet been determined. This has resulted in solutions being derived for cases 
where the reaction is limited by a specific process.110,113 The mathematical 
representation of each case utilises a specific function thus allowing for the 
experimentally obtained loss data to be correlated to a specific rate limiting scenario.110 
A summary of the rate limiting scenarios and discussion thereafter is based on the 
extensive work carried out by Smith et al.110 and Hearn et al..128 
 
Case 1a: Fast diffusion of gas molecules throughout the particle 
In this case the diffusion of the trace gas species throughout the particle is rapid such 
that [X] is uniform through the particle and in equilibrium with the gas-phase.110 This 
will result in the uptake being controlled by the ‘slow’ reaction in the particle.110  
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where [Y]0 is the initial concentration of the particle species, H is the Henry’s law 
solubility of the trace gas in the liquid species, T is the temperature, PX is the partial 
pressure of the gas, t is the time and k2 is the second order rate constant for the reaction 
in the bulk of the particle.110  
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Case 1b: Reaction of the trace gas near the surface of the particle 
In this scenario the uptake is characterised by a ‘fast’ reaction and limited by the 
diffusion of the trace gas species.110 Consequently the gas molecules can only penetrate 
a short distance into the particle thus resulting in the reaction occurring in a thin shell 
under the surface (< 5% of the particle radius).  
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where D is the diffusion coefficient for the trace gas in the particle liquid and the 
remaining parameters are the same as that previously described.110   
 
 
 
 
Case 2: Reactive uptake dominated by a surface reaction 
The uptake is controlled by Γs such that the trace gas reacts solely at the surface.110 
This may represent very efficient surface reactivity on a liquid aerosol or apply to 
highly viscous or solid aerosols where diffusion into and reaction in the bulk is slow.  
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where surfk2 is the second order rate constant for the reaction on the surface of the 
particle (as is different to k2 for the bulk reaction) and δ is the depth of the surface 
layer.110 
 
Case 3: Limited by particle species diffusion 
In this final case the uptake is limited by pdiffΓ such that the concentration of the particle 
species Y is not uniform.113 During the course of the reaction the trace gas species will 
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deplete Y in a specific area of the particle. The reaction cannot proceed unless the 
particle species is replenished and so the species must diffuse through the particle. In 
this situation the uptake is limited by the diffusion of the particle species.  
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where DY is the diffusion constant for Y within the particle.113 
In order to determine the limiting case for a trace gas uptake reaction it is 
necessary to construct a graphical representation of the loss of the particle species with 
respect to trace gas exposure (PXt).110,113  The corresponding shape of the experimental 
decay will allow for a mathematical function to be applied consequently allowing the 
operative mechanism to be determined.110,113 A square root dependence of the resulting 
reactant decay confirms that case 1b is limiting whereas an exponential decay indicates 
that case 1a or case 2 is the mechanism. Owing to case 1a and case 2 having the same 
mathematical representation further correlations are required specifically particle size 
as case 1a is independent of particle radius.110 It should be noted that under the 
majority of experimental conditions case 3 can be omitted owing to the uniform nature 
of the particle generation. Realistically in an atmospheric particle it is extremely likely 
that the reactions occurring are most likely taking place in the bulk and on the surface 
simultaneously.110 Owing to the difficulty in extracting the relative contributions from 
each process assumptions are made regarding which process is the most dominant.110  
1.4 Aims 
From the literature, it seems clear therefore that heterogeneous oxidation 
reactions play a crucial role in the transformation of atmospheric species and have a 
direct impact on radiative transfer and atmospheric processes. Current understanding of 
such phenomena is limited in comparison to gas-phase oxidation because of the strong 
influence of the chemical composition of the aerosol and the many possible physical 
processes possible on and in particles which can modify reactivity. It has also been 
established that interactions between aerosol-bound organic species and ozone lead to 
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the formation of highly oxidised organic material in the particle phase via numerous 
chemical mechanisms. The lack of understanding regarding the composition and 
oxidation reactions of organic components in the atmosphere has prevented definitive 
identification of the numerous species found in field studies.82-84 Given the wide 
variation in organic composition observed in the gas and particulate phase in the 
atmosphere, laboratory studies have generally focused upon proxies with a simplified 
range of relevant functional groups in order to evaluate mechanistic trends. The most 
widely studied proxy for oxidation in the aerosol phase is oleic acid. Studies carried out 
using the oleic acid proxy have enabled detailed product distributions, kinetics and 
reaction mechanisms to be obtained for ozonolysis. Considering that oleic acid has 
been classified as a simple proxy, the complexity of the reaction mechanism coupled 
with the diverse range of reaction rates obtained for the ozonolysis reaction of oleic 
acid clearly highlights the complications associated with ozonolysis.  
The aim of this work was to utilise complementary analytical techniques to 
perform laboratory work designed to increase understanding with regard to 
heterogeneous ozonolysis reactions of organic species in the aerosol phase. 
Experiments were carried out in various phases specifically the solution bulk phase, as 
a thin film and in the aerosol in order to characterise reaction products, postulate 
mechanism and quantify kinetics. The principle analytical technique utilised in all 
experiments was infrared spectroscopy with off-line mass spectrometry used in 
solution bulk phase experiments. The coupling of the methodologies of identifying 
functional groups by infrared spectroscopy with the ability of mass spectrometry to 
determine specific molecules allows for complementary analysis to be achieved.  The 
sensitivity of the IR system in the thin film and aerosol phase enabled monitoring of 
reactant during the course of the reaction to be achieved while minimizing effects from 
secondary reactions. 
Owing to the complexity of the oleic acid ozonolysis reaction a simpler 
molecule was initially studied in order to formulate methods by which reaction 
products and kinetics could be efficiently determined. Stilbene was selected for the 
initial experiments owing to its simplicity and symmetrical structure which would 
result in the formation of less ozonolysis products than that seen previously for oleic 
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acid. Bulk phase experiments allowed for a vast amount of reaction products to be 
determined and reaction pathways to be suggested. Reactive uptake coefficients were 
quantified in the thin film and aerosol phase through monitoring either the reactant loss 
kinetics or the product formation of the organic species.  
The formulated analytical monitoring and characterisation methodologies were 
then utilised to characterise more atmospherically relevant organic systems. These 
studies included the ozonolysis of anthracene and mixed systems specifically 
containing either two reactive organic species or one reactive organic combined with 
one inert inorganic compound. The dual organic mixed system contained species with 
similar reactivities which allowed for cross-reactions to occur to produce additional 
secondary products. The inorganic and organic system allowed for relative humidity 
effects of a hydrophobic organic species to be quantified under deliquescence.  
The complementary analytical techniques developed for identification of ozonolysis 
products was validated initially for a simple organic molecule, cis-stilbene. Paper 1 
details the mechanistic study of cis-stilbene and ozone in three different phases. 
Reaction products are successfully identified allowing for product distributions to be 
determined and a reaction mechanism to be postulated. The infrared spectroscopic 
method utilised for probing the reaction kinetics was adopted for cis-stilbene 
ozonolysis in thin films and aerosol phase. In paper 2, the ozonolysis reaction was 
monitored by the loss of the stilbene IR band and pseudo first order rate constants and 
reactive uptake coefficients were quantified. The techniques and approaches adopted 
were then applied to a number of systems with increased complexity. Paper 3 details 
the kinetic and mechanistic study of a binary mixture of oleic acid and stilbene with 
ozone in three different phases. Product studies allowed for reaction pathways to be 
determined and indicated the formation of cross-products. Similarly, the kinetic studies 
showed an enhancement of the reaction rate of stilbene in the presence of oleic acid in 
the aerosol phase. In paper 4, the effect of relative humidity on the ozonolysis rate of 
reaction was investigated for internally mixed oleic acid and ammonium sulphate 
particles. The infrared spectroscopic method was utilised to monitor products 
formation and subsequently obtain reaction kinetics and reactive uptake coefficients 
under conditions of low and high relative humidity. In paper 5 the ozonolysis reaction 
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of anthracene was investigated in three different phases. The product study allowed for 
both major and minor products to be identified which highlighted the gap in the current 
knowledge with regard to the postulated reaction mechanism. The rate constants and 
reactive uptake coefficients quantified using the infrared spectroscopic method in the 
thin film and aerosol phase were comparable with previous studies of anthracene 
ozonolysis.  
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2. Experimental  
2.1 Solution Phase 
 The ozonolysis of organics in the bulk phase were investigated by bubbling 
ozone through single solute and mixed solute solutions. Organic solutes were 
purchased from Aldrich and used without further purifications: oleic acid (99%), cis-
stilbene (96%) and anthracene (99%). Solutions were prepared in ethyl acetate 
(analytical reagent grade 99.98% assay), at typical solute concentrations of 10 mM.  
The reactions were carried out in a glass bubbler system which consisted of a glass 
reaction vessel containing a solution of the relevant material through which ozone can 
be bubbled at a controlled rate. A volume of 20 mL of the organic solution was 
deposited into the bubbler. Ozone was generated by passing 20 sccm of oxygen (BOC 
Gases, Grade 0) through a voltage discharge ozone generator before entering the 
reaction vessel. In order to ensure the ozone was distributed evenly throughout the 
solution the vessel was stirred at a rate of 200 rpm. In a typical experiment, the 
concentration of ozone was kept constant (at 2.4 x104 ppm) and the system was left for 
twenty minutes to ensure all the components had reacted. The exit side of the bubbler 
was fitted with a KI scrubber to remove excess ozone.  
 Infrared spectra were recorded using a commercial diamond ATR attachment 
(Pike Miracle) fitted inside the sample compartment of an FTIR spectrometer (JASCO 
Model 4200). A micropipetted amount (30 µL) of the sample solution was deposited 
and the solvent (ethyl acetate) was allowed to evaporate prior to spectra being 
recorded. Spectra were recorded for solutions before and after ozone addition. A total 
of 128 spectra were collected at a resolution of 4 cm-1 and co-added to create an 
absorbance spectrum.  
 In parallel work both pure and ozonised samples of the mixture were analysed 
by Electron Impact GC-MS at the NERC Life Sciences Mass Spectrometry Facility at 
the University of Bristol with a ThermoQuest Trace MS (ThermoFisher Scientific). 
The system used a helium gas carrier, with a transfer line temperature of 24 oC and a 
source temperature of 200 oC. The mass spectra were obtained at an electron ionization 
 48 
potential of 70 eV. The scanning m/z was from 50 − 650, with a cycle time of 0.6 s and 
an injector volume of 1 µl. 
2.2 ATR-IR Spectroscopy of the reaction in thin films 
Thin film studies were carried out using ATR-FTIR Spectrometer, based on the 
phenomenon of the propagation of an evanescent wave across the interface of two 
media when internal reflection occurs.1 The internal reflection element (IRE) is made 
of a high refractive index (n1) IR transparent material, which in these experiments was 
Zinc Selenide (ZnSe, n1 = 2.4). The ZnSe had a trapezoid geometry with dimensions of 
80 x 10 x 3 mm (Spectral Systems LLC). The infrared bean enters one end of the 
crystal at the base and is internally reflected numerous times before exiting the crystal 
and entering the detector. The geometry of the ZnSe crystal allowed for an internal 
refection angle of 60o to be produced.  
When internal reflection occurs at the interface of the IRE and sample medium 
some electromagnetic radiation (termed an evanescent wave) penetrates into the 
sample medium.1 This can interact with the sample medium if the wavelength range of 
the radiation correlates with the frequency of the molecular vibrations in the sample. 
The evanescent wave decays exponentially from the interface, with its depth of 
penetration (dp) being defined as the point at which the intensity has decayed to1/e of 
its initial value. The depth of penetration is wavelength dependent and can be 
quantified using equation 16.2 
2
12
2
1 )/(sin2 nnn
d p
−
=
θπ
λ     (16) 
Where λ is the wavelength, n1 is the internal reflection elements (IRE) refractive index, 
θ is the critical angle and n2 is the sample mediums refractive index. The organics 
utilised in these experiments were cis-stilbene, oleic acid and anthracene which had 
refractive indexes of 1.62, 1.46 and 1.59 respectively.  
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Figure 4: Schematic of ATR flow cell and attached instruments. 
 
The thin film apparatus consisted of a ZnSe IRE mounted in a custom built 
ATR accessory in a Thermo-Nicolet FT-IR Nexus Spectrometer as shown in Figure 4. 
A glass cell of dimensions 15 x 5 x 5 cm was placed on top of the crystal and sealed 
using two plastic hoop clamps. Two ports in the ends of the cell were used for the flow 
of gases over the film; these were set at an angle of 45o to direct the gas flow onto the 
crystal. After exiting the gas cell the gases passed through a Perkin Elmer Lambda 25 
UV-Visible Spectrometer fitted with a laboratory-built gas cell. This instrument 
allowed for the ozone concentration to be quantified by measuring the absorption at 
254 nm (σ = 1.15 x 10-17 cm2 molecules -1)3. A third port was located in the centre of 
the cell for a relative humidity and temperature probe (Vaisala). The thin films were 
formed on the IRE via a method known as casting, whereby a 50 µL aliquot of the 
organic solution was spread over the crystal and the solvent was allowed to evaporate. 
All organic solutions were prepared in ethyl acetate, at typical solute concentrations of 
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50 mM. The film produced allowed an exact volume of the mixture to be determined 
with highly repeatable spectroscopic characteristics. Ozone was generated by passing 
oxygen through a Pen-Ray UV ozone generator (UVP), the ozone was then diluted 
with an additional nitrogen flow before entering the cell. The oxygen and nitrogen 
flows were varied in order to alter the total ozone amount delivered to the cell such that 
the concentrations varied between 6 and 25 ppm. During the course of the experiment 
infrared spectra were collected every minute and recorded as the sum of 64 scans at 4 
cm-1 resolution.  
The reaction kinetics were quantified by monitoring the loss of the organic 
reactant infrared band as a function time. Experiments were carried out at a range of 
ozone concentrations in order to form a kinetic matrix. For a specific ozone 
concentration a minimum of three thin film experiments were carried out in order to 
ensure repeatability of results and obtain an associated error. The error quoted with the 
averaged modelled pseudo first order rate constant was equivalent to one standard 
deviation. The relationship between these rate constants and ozone concentrations was 
also quantified with the gradient and associated uncertainty determined from the linear 
regression to the 1σ level. The reactive uptake coefficient and associated error were 
computed by imputing the values obtained from the linear regression into the relevant 
calculations.  
2.3 Aerosol Flow Tube (AFT) Kinetic Studies 
 The AFT system consists of a jacketed glass tube with an internal diameter of 
40 mm, external diameter of 70 mm and length of 100 cm vertically mounted in a steel 
frame. A stainless steel tube with an internal diameter of 9.5 mm, external diameter of 
12.7 mm and length of 146 cm passes through the centre of the glass tube, and is kept 
in co-axial alignment by a 3-pronged disc, located 12 cm from its tip. At the top of the 
tube the injector passes through a Teflon coupling component with a ¼ inch port for 
the input of the main gas flow and a ½ inch spherical greaseless connection used for 
the input of the aerosol flow. This Teflon component contains an ‘O’ ring to maintain a 
seal on the system when the injector is retracted and provides another control for the 
alignment of the injector. The injector is clamped via adjustable Teflon clamps to a 
 51 
steel plate. This steel plate is attached to a screw thread driven motor which allows 
movement of the injector through a vertical range of 87 cm. The injector terminates in 
a ¼ inch stainless steel Swagelok union where reactant gases are input. 
 A long path cell with multipass optics were coupled to the AFT and aligned 
within a Thermo Nicolet Nexus Spectrometer such that the IR beam passed 
perpendicular to the direction of the aerosol flow. The cell is shown schematically in 
Figure 5. The original long path cell was purchased from Infrared Analysis, Inc. and 
the glass body modified to provide two Quickfit socket joints for connection to the 
flow tube and exhaust, and two ¼ inch ports for the addition of a small flow of nitrogen 
to purge the windows and mirrors to prevent any deposition of aerosol. 
Moveable objective mirrors control the number of passes through the cell, 
which must be balanced to give maximum aerosol absorption without too much signal 
loss during reflection. The schematic shows the cell under 4 passes giving an effective 
path length of 16 cm. During typical experiments the cell was used at 16 passes which 
equated to a pathlength of 50 cm through the aerosol flow cross section. The intensity 
of the beam varies with micrometer knob position and number of passes, dropping off 
before 16 passes. Aerosol spectra were recorded at 256 scans and 4 cm-1 resolution 
across the range 4000 – 400 cm-1. 
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Figure 5: Schematic of the variable pathlength IR cell. 
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average particle diameter (Dp) and number of particles (N’) were obtained.5 The 
particles were diluted after entering the flow tube by a sheath flow. The reactant gas 
ozone was added to the AFT by passing oxygen through a plasma ozone generator, 
which was then mixed with nitrogen before passing down the sliding injector. The 
reaction time was varied by setting the moveable injector to different positions within 
the AFT. For cis-stilbene and mixed oleic acid and stilbene aerosols, the total flow was 
15.3 standard litres per minute (SLPM) which resulted in an average flow velocity of  
20 ms-1 and a Reynolds number of ~ 435. In the anthracene aerosol experiments the 
total flow was 1160 standard cubic centimetres per minute (sccm), the average flow 
velocity was 1.4 ms-1 and a Reynolds number of ~ 36. In the relative humidity 
experiments the dry experiments were carried out with a total flow of 4.2 SLPM, 
velocity of 6.0 cms-1 and a Reynolds number of ~ 130. For the wet experiments the 
total flow was of 4.6 SLPM, velocity of 6.0 cms-1 and a Reynolds number of ~ 165. 
 In all the aerosol experiments a total of three infrared spectra were collected at 
a given distance which allowed for an error to be quantified to one standard deviation. 
In the graphical representations of the first order loss and formation, these uncertainties 
were shown as error bars. The corresponding gradients obtained from the first order 
plots (rate constants) were quantified using linear regression and the associated error 
was quoted to the 1σ level. As in the thin film experiments the relationship between the 
rate constants and ozone concentration were quantified using linear regression to the 1s 
level. Similarly, the reactive uptake uncertainties were calculated by inputting the 
errors determined from the linear regression into the relevant calculations.   
2.3.1 Heterogeneous Nucleation Method. 
A heterogeneous nucleation method was adopted for the cis-stilbene and 
anthracene aerosol kinetic studies as shown in Figure 6. In this method ammonium 
sulfate (ammonium sulfate 99%, purchased from Aldrich) aerosols were generated by 
nebulisation from an aqueous solution. A vibrating orifice nebuliser (Mini-Fogger) was 
placed in a custom built jacketed glass vessel and immersed in the solution. The high 
frequency vibrating ceramic membrane created a mist through which a small flow of 
nitrogen was passed carrying the aerosol through a drier to the particle size instrument. 
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The temperature of the glass vessel was controlled (generally at 15oC) by a 
recirculating chiller (Ministat). The dried particles then passed through a heated glass 
nucleation tube containing the organic, similar to that used for homogeneous 
nucleation.1,6 Heating of the glass tube allowed for the organic to form a vapor which 
coated the inorganic particles. This method was successful in producing both 
anthracene (99%, purchased from Aldrich) and cis-stilbene particles (96%, purchased 
from Aldrich). 
 
Figure 6: Schematic of the AFT for the heterogeneous nucleation method. 
2.3.2 Mixed Organic Generation Method. 
Mixed organic aerosols were generated by initially producing the oleic acid 
particles and then coating with cis-stilbene as shown in Figure 7. Oleic acid (99%, 
purchased from Aldrich) particles were homogeneously nucleated by passing a 
nitrogen flow through a heated nucleation tube containing the organic. This method has 
previously been adopted by Last et al. for kinetic quantification of oleic acid 
ozonolysis. Once the oleic acid particles had been produced they passed through a 
larger heated nucleation tube containing cis-stilbene.  
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Figure 7: Schematic of the AFT for the mixed organic method. 
2.3.3 Mixed Inorganic and Organic Generation Method. 
For the relative humidity study, mixed micro-droplet aerosols were generated 
from an aqueous solution of 30.3% molar fraction of sodium oleate (>90%, purchased 
from J. T. Baker) and 69.7% molar fraction of ammonium sulphate using the ultrasonic 
nebuliser, as shown in Figure 8. The nebuliser was immersed in an isothermal bath at 
40oC and controlled with a thermostat control. In the low relative humidity 
experiments the particles were entrained in a dry nitrogen flow passed through two 
silica gel diffusion driers, which dried the aerosol to ~ 6.0% RH. In contrast, wet 
conditions were achieved by utilising a humidified nitrogen flow by essentially flowing 
the carrier gas through a water trap thus resulting in particles with a RH in excess of 
90% being formed. These values were ascertained using a relative humidity probe 
(Vaisala HMT 234). It should also be noted that the high relative humidity experiments 
utilised a wet nitrogen flow in both the injector and the main flow to ensure the 
conditions remained at high RH.  
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Figure 8: Schematic of the AFT for the relative humidity study. 
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In this paper, mechanistic studies of the heterogeneous reaction between stilbene and ozone are 
reported in three different experimental configurations. In solution, the double bond in stilbene is 
the primary site for oxidation, producing benzoic acid and benzaldehyde as primary products 10 
following the conventional Criegee mechanism for alkene ozonolysis. Secondary products such as 
diperoxides, secondary ozonides and α-acyloxyalkyl hydroperoxides are also formed in small yet 
significant quantities as a result of subsequent reactions and transformations of the Criegee 
intermediates formed. In the thin films, the primary products dominate and only very small 
amounts of secondary products are formed. Oxidation of stilbene-coated ammonium sulfate 15 
aerosols produces predominately benzoic acid and benzaldehyde, with the former evolving 
substantially into the vapor phase and coating the inside of the apparatus. Taken together, these 
results suggest that in the solution phase, the solvent cage is responsible for de-activating the 
initial excited Criegee intermediate, thereby facilitating the formation of secondary products from 
the reactions and self-reactions of the stabilised Criegee intermediate. The absence of these 20 
secondary products in the gas/surface reactions suggests that, in the absence of solvent, the initial 
excited Criegee intermediate mainly forms benzoic acid via a process which is sufficiently 
energetic to volatilize it into the gas phase.  
1. Introduction 
 Organic aerosols have been found to comprise a major 25 
fraction of the non-refractory submicron particle mass at 
various locations around the globe.1 A variety of organic 
species are present in the aerosol which include; alkenes, 
alkanes, fatty acids, alcohols and aromatics.2-4 Organic 
particles are either emitted directly into the atmosphere 30 
(primary organic aerosol, POA), mainly from combustion 
sources or are formed in situ by condensation of low-volatility 
products or the oxidation of volatile organic compounds 
(VOCs) (secondary organic aerosol, SOA). The organic 
material present in the aerosols is susceptible to atmospheric 35 
oxidation by a variety of oxidants.5-9 Ageing of these organic 
aerosols can change a number of properties including 
hygroscopicity, toxicity and the aerosols ability to act as 
CCNs.10-12 The rates and mechanisms for the gas-phase 
oxidation of organic material although not completely 40 
understood have still been sufficiently characterised for 
inclusion in models. Unfortunately the heterogeneous 
oxidation reactions occuring in the atmopshere do not afford 
the same degree of understanding, which is due to the 
influence of the chemical composition of the aerosol.12 What 45 
is clear is that interactions between aerosol-bound organic 
species and either radical species or ozone lead to the 
formation of highly oxidised organic material in the particle 
phase via numerous complex chemical mechanisms. Poor 
understanding of these heterogeneous reactions therefore 50 
represents one of the largest uncertainties in the modelling of 
the atmospheric impact of aerosols. Current models require 
substantial approximations to be used to simplify the 
chemistry of the organic fraction within the particle, which is 
a significant weakness in the calculations predicting climate 55 
change effects.13 
 The lack of understanding regarding the composition and 
oxidation reactions of organic components in the atmosphere 
prevents simple identification of species to be achieved. In 
order to bridge the gap in knowledge between models and 60 
chemical reactions of heterogeneous systems extensive 
laboratory studies are required. Given the wide variation in 
organic composition observed in the gas and particulate 
phases in the atmosphere, laboratory studies have generally 
focused upon proxies with a simplified range of relevant 65 
functional groups in order to evaluate mechanistic trends. 
Laboratory measurements using idealized proxies for 
atmospheric materials can provide both qualitative and 
quantitative results in controlled environments. The oxidation 
reaction of unsaturated molecules with ozone has been used to 70 
not only validate experimental approaches but also test 
hypotheses of gas-particle reactivity.14 The most widely 
studied proxy for oxidation in the aerosol phase is oleic acid, 
an unsaturated long chain hydrocarbon with a carboxylic acid 
functional group. Studies carried out using the oleic acid 75 
proxy have enabled detailed product distributions, kinetics 
and a reaction mechanism to be obtained for the ozonolysis 
reaction. The reaction proceeds with the formation of the oleic 
acid primary ozonide which rapidly decomposes to form 
Criegee intermediates.15 The Criegee intermediates can 80 
 2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 
undergo further reactions with either other Criegee 
intermediates, the starting material or the primary ozonolysis 
products formed to produce a range of highly oxygenated, 
high molecular weight products which are similar to many 
organic components of aged tropospheric aerosols. The 5 
mechanism proposed by Ziemann shows the reaction 
pathways for oleic acid by which the primary products and 
larger ozonolysis products such as secondary ozonides and α-
acetyloxyalkyl hydroperoxides can form.16 Studies have also 
shown that polymerisation of these larger products can occur 10 
to form oligomers showing the extreme complexity of the 
ozonolysis reaction.16, 17 What these experiments do show 
however is that the current level of understanding can be 
substantially improved by the application of chemically and 
kinetically resolved analytical methods in conjunction with 15 
the basic principles of physical-organic chemistry. 
 In this work, the use of a simple symmetrical organic 
molecule with appropriate functionality for ozonolysis as a 
potential new proxy is described. Stilbene (ArCH=CHAr) 
contains two aromatic rings joined by an unsaturated C=C 20 
bond. In the cis-isomer, the double bond is substantially more 
reactive towards ozonolysis than the aromatic rings. 
Furthermore, the symmetric nature of the molecule means that 
the same two species should be produced from the 
decomposition of the initial primary ozonide (compared to 25 
four from oleic acid for instance). It should therefore be 
possible to follow the Criegee chemistry in considerable detail 
and to fully characterise the majority of the primary and 
secondary products formed, as a prelude to the potential use 
of these products in co-reactant studies with other more 30 
complex proxies such as oleic acid. Ideally, such co-reactant 
studies would require the two species to have comparable 
rates of reaction. In this study, the mechanism for ozonolysis 
reactions of stilbene in the bulk solution phase, as thin films 
and as a coating on ammonium sulfate aerosol are reported 35 
using infrared spectroscopy and mass spectrometry to 
charcterise the products formed under these different 
experimental configurations. 
2. Experimental 
2.1 Solution Phase 40 
 Solutions were prepared in ethyl acetate, at typical solute 
concentrations of 10 mM. The ozonolysis reaction was carried 
out in a glass bubbler system. The system consists of a glass 
reaction vessel containing a solution of the relevant material 
through which ozone can be bubbled at a controlled rate. The 45 
vessel was stirred at approximately 200 rpm during 
experiments to ensure even mixing of the ozone with the 
solution. A volume of 20 ml of a 10 mM ethyl acetate solution 
of stilbene was deposited in the bubbler and a gas flow of 20 
sccm of ozone was passed through. In a typical experiment, 50 
the concentration of ozone was kept constant (at 2.4 x104 
ppm) and the system was left for twenty minutes to ensure all 
the stilbene had reacted. The exit side of the bubbler was 
fitted with a KI scrubber to remove excess ozone.  
 Infrared spectra were recorded using a commercial diamond 55 
ATR attachment (Pike Miracle) fitted inside the sample 
compartment of an FTIR spectrometer (JASCO Model 4200). 
A micropipetted amount (30 µL) of the sample solution was 
deposited and the solvent (ethyl acetate) was allowed to 
evaporate prior to spectra being recorded. Data was recorded 60 
for both pure and ozonised samples of cis-stilbene. A total of 
128 spectra were collected at a resolution of 4 cm-1 and co-
added to create an absorbance spectrum.  
 In parallel work both pure and ozonised samples of cis-
stilbene were analysed by Electron Impact GC-MS at the 65 
NERC Life Sciences Mass Spectrometry Facility at the 
University of Bristol with a Thermo Quest Trace MS 
(ThermoFisher Scientific). The system used a helium gas 
carrier, with a transfer line temperature of 24 oC and a source 
temperature of 200 oC. The mass spectra were obtained at an 70 
electron ionization potential of 70 eV. The scanning m/z was 
from 50 − 650, with a cycle time of 0.6 s and an injector 
volume of 1 µl. 
2.2 ATR-IR Spectroscopy of reactions on thin films 
 Thin film studies were performed using an ATR-IR 75 
Spectrometer that has been described in detail elsewhere.18 
Briefly the film studies were performed on a ZnSe internal 
reflection element (IRE) (Spectral Systems LLC) mounted in 
a custom built ATR accessory in a Thermo-Nicolet FT-IR 
Nexus Spectrometer. The thin films were formed on the IRE 80 
via a method known as casting, whereby a solution of cis-
stilbene was spread over the crystal and solvent was allowed 
to evaporate. A 50 µL aliquot of a 50 mM solution of cis-
stilbene in ethyl acetate was placed on the crystal. The film 
produced allowed an exact volume of cis-stilbene to be 85 
determined with highly repeatable spectroscopic 
characteristics. Once the films were cast ozone was flowed 
over the film with spectra collected every minute and recorded 
as the sum of 64 scans at 4 cm-1 resolution. 
2.3 Aerosol Flow Tube Studies 90 
 The aerosol flow tube (AFT) system and the FTIR 
Spectrometer detection system used in this work has been 
described in detail elsewhere.18 Briefly an overview of the 
technique will be given here with an emphasis on the 
experimental conditions and procedures specific to these 95 
measurements. To generate the cis-stilbene particles a seed 
particle (ammonium sulfate) was required which was coated 
with cis-stilbene vapor. The coated particles were diluted after 
entering the AFT by a sheath flow. The main AFT reactor 
consists of a 100 cm long, vertically oriented Pyrex glass flow 100 
tube with an internal diameter of 4.0 cm. A moveable stainless 
steel injector 146.5 cm long and internal diameter 1.0 cm was 
inserted axially down the centre of the flow tube, through 
which a variable oxygen/nitrogen flow mixture was injected. 
The contact time was varied by setting the moveable injector 105 
to different positions from 14 to 70 cm along the length of the 
flow tube, which is equivalent to a contact time of 0.9 − 3.5 s. 
 The Infrared detection system used in the aerosol 
experiments has been described in detail by Last et al.18 In 
these experiments the multipass long path cell based on a 110 
White cell configuration, which operated at 16 passes or 
approximately 47.0 ± 0.9 cm pathlength and was mounted 
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perpendicular to the direction of the flow. The aerosol flow 
crosses the infrared detection perpendicular to the multi-pass 
optics immediately prior to exiting the flow tube. Infrared 
spectra were acquired in situ using a modified commercial 
FTIR spectrometer (Nexus, ThermoNicolet) and the spectra 5 
were measured at a resolution of 4 cm-1 from the co-addition 
of 256 scans. In this study, experiments were performed at 
room temperature (~ 298 K) and atmospheric pressure (1 
atm). 
2.4 Chemicals 10 
 Chemical compounds were purchased from Aldrich and 
used without further purification: cis-stilbene (96%), 
benzaldehyde (99%), benzoic acid (99.5%) and ammonium 
sulfate (99%). Ozone was generated by passing a flow of pure 
oxygen (BOC gases) through a commercial ozone generator 15 
(BMT802, BMT Messtechnik GmbH) for all of the 
experiments. The carrier gas used in all experiments was dry 
nitrogen (BOC gases). 
3. Results and discussion 
3.1 Infrared Spectrometry Analysis for solution phase 20 
ozonolysis of cis-stilbene 
 
Fig. 1 A typical FT-IR spectrum of (a) cis-stilbene in ethyl acetate, 
(b) benzaldehyde, (c) benzoic acid and (d) ozonised cis-stilbene in 
ethyl acetate. 25 
 
 The infrared spectra for pure and ozonised cis-stilbene are 
shown in Figure 1, and the main absorption band 
wavenumbers are tabulated in Table 1. For unreacted stilbene, 
the majority of the main bands are associated with the 30 
vibrational modes of the aromatic rings, the principal 
characteristics of which are the C-H stretching modes in the 
3100 – 3010 cm-1 region, the ring mode quartet between 1600 
– 1405 cm-1, the in-plane C-H bending modes between 1180 – 
1000 cm-1, and the strong out-of-plane C-H bending modes 35 
below 800 cm-1. Note that the latter are enhanced compared to 
normal absorption spectra as a result of the ATR 
configuration.19 Additionally, the vinyl C-H stretch is seen 
around 3100 cm-1. Of the remaining weaker features, the 
characteristic aromatic overtone and combination bands seen 40 
in the 2100 – 1800 cm-1 region are the most readily 
assignable.  
 The infrared spectrum of ozonised stilbene shows many 
similarities to that of pure stilbene, retaining many of the 
characteristic bands associated with aromatic species. From 45 
detailed comparison of the precise wavenumber and relative 
intensity of the aromatic spectral features in the ozonised 
sample however, it can readily be observed that all of the 
original stilbene has reacted. The fact that aromatic features 
are still prevalent in the spectrum of the ozonised sample 50 
suggests that the aromatic rings of the original compound 
have largely remained intact, which is unsurprising given the 
low reactivity of aromatic moieties to ozonolysis when 
compared to alkene C=C bonds.20 It therefore seems 
reasonable to conclude that reaction has mainly occurred via 55 
cleavage of the double bond. In addition to the retained (albeit 
shifted) aromatic features, the most obvious new absorption 
bands are a number of broad resonances in the 3700 – 2500 
cm-1 range, at least three very strong, overlapping features in 
the 1750 – 1650 cm-1 region and several broad bands 60 
underlying the sharper aromatic features at approximately 
1400, 1250 and 1000 cm-1. Following the literature, the most 
likely assignment of the 1750 – 1650 cm-1 resonances is to 
carbonyl species, whilst those at 1250 cm-1 and 1000 cm-1 are 
likely to be the antisymmetric and symmetric stretching 65 
modes of C-O-C moieties.  The new features above 2500 cm-1 
are clearly due to O-H stretching modes, with the broad, weak 
pattern of features between 3000 – 2500 cm-1 being 
characteristic of carboxylic acids and aldehydes. The detailed 
study of the infrared spectra of organic peroxides by 70 
Minkoff21 also supports tentative assignment of the broad 
feature at 3400 cm-1 and approximately 1400 cm-1 to the 
presence of a hydroperoxide functionality, being the 
stretching and bending modes respectively. There is however, 
no evidence for a peroxide O-O resonance, expected around 75 
900 cm-1, which is unsurprising since such features are known 
to be weak. Taken together, these features are strong evidence 
for the formation of carboxylic acids, aldehydes and esters, 
with some evidence for the formation of hydroperoxides. 
Figure 1 also shows for comparison a spectrum of 80 
benzaldehyde and benzoic acid, with band positions for both 
species given in Table 1. From these data, it is apparent that a 
substantial proportion of the spectral features in ozonised  
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Table 1 A summary of the main infrared peaks seen in the infrared spectra for cis-stilbene and ozonised cis-stilbene in solution, thin film and aerosol 
phase with reference peaks for benzaldehyde and benzoic acid. 
Pure Stilbene 
(cm-1) 
Ozonised 
Stilbene (cm-1) 
Benzaldehyde 
(cm-1) 
Benzoic Acid 
(cm-1) 
Pure ATR 
(cm-1) 
Ozonised ATR 
(cm-1) 
Coated 
Particle (cm-1) 
Ozonised 
Particle (cm-1) 
Band Assignment 
 3680 – 3140 3385    3535 – 3325   ν(OH) of some sort 
3144         Vinyl ν(C=CH) 
3100 – 3010  3117 – 3034  3102 – 3030  3071  3078 – 3008  3105 – 2904  3110 – 3025  3100 – 3031  Aromatic ν(CH) 
 2990   2989 / 2878  2993   Carboxylic acid H-bonded ν(OH) 
 2905     2904   Alkyl ν(CH) 
  2816      2809 Aldehyde ν(OCH) 
  2735 / 2695      2730 / 2725 Aldehyde ν(OCH) 
 2675 – 2546  2675 – 2561      Carboxylic acid H-bonded ν(OH) 
2156 – 1804   2139 – 1827  2087 – 1914  1945 – 1825  1959 – 1899    Aromatic overtones and combinations 
 1817     1812   New carbonyl 
     1770   New carbonyl 
     1760   New carbonyl 
       1731 New carbonyl 
 1729     1729  1728 New carbonyl 
       1723 New carbonyl 
 1702   1701       
 1691  1696  1685  1696    Aldehyde C=O 
 1650 / 1620 1652  1621 1618    
1598 / 1576 1604 / 1586  1596 / 1582  1603 / 1584  1599 1603  1576 Aromatic ring 
1492  1495   1493 1495    
1443 / 1405  1454 / 1420 1454 1454 / 1425  1448 / 1407 1454   Aromatic ring 
1319 1374 / 1320 1389 / 1309 1326 1329 1370 / 1309  1312/1307 OH Bending 
 1291 / 1267  1291   1300  1270 C-O Stretch 
 1245     1247   Antisymmetric C-O Stretch 
 1212  1202   1211  1206 C-O Stretch 
1179 / 1154 1178 / 1125 1166 1185 / 1128 1181 / 1154 1178 / 1158  1161 Aromatic δ(C-H) in-plane 
1072  1088 / 1055 1071 1073 1072 1086 / 1053   Aromatic δ(C-H) in-plane 
1028  1025  1021 1027 1028 1023 1030  Aromatic δ(C-H) in-plane 
 1003 1008   1003   Symmetric C-O Stretch 
981  950 / 937   982 989   Mono-substituted benzene ring 
923 / 862 922 923 863 923 / 861 918 925  Mono-substituted benzene ring 
843 / 804 853 / 802 826  843 / 804  845  830 / 819  
776 787 / 758 742  778 / 752 754 776 / 754 785 / 740 Aromatic out of plane H-bend 
 722 / 709  726 / 707 732 733 729  Aromatic out of plane H-bend 
693 695  686 685  694 694  696 Aromatic δ(oop) 
stilbene are due to the presence of these two compounds. 
Quantitative compositional information cannot easily be 
extracted from these data since the spectra of benzaldehyde 5 
and benzoic acid are somewhat non-orthogonal in mixtures as 
compared to pure compounds, but a qualitative observation 
suggests that the quantity of benzaldehyde exceeds that of 
benzoic acid in the product. 
3.2 Mass Spectrometry Analysis for solution phase ozonolysis 10 
of cis-stilbene 
 The mass spectrum of pure and ozonised cis-stilbene are 
shown in Figure 2. The pure mass spectrum for cis-stilbene 
can be seen in the negative of the graph and the ozonised cis-
stilbene spectrum in the positive of the graph. Both mass 15 
spectra show significant fragmentation as a result of the 
electron impact techniques used. The main peaks and 
fragments that are seen for pure cis-stilbene are shown in 
Table 2. The main peaks seen in the pure cis-stilbene mass 
spectrum are the peak at m/z 180 from the parent ion and the 20 
peaks seen between m/z 179 and 171 are from the 
deprotonation of the parent ion. Another large peak is seen at 
m/z 165 which is most likely from the parent ion fragmenting 
and having one of the carbon atoms and three of the hydrogen 
atoms removed from one of the benzene rings. Fragmentation 25 
of the parent ion to remove one benzene ring is apparent in the 
spectrum from the peak at m/z 100 and also the removal of a 
benzene ring and one of the CH groups from the parent ion 
can e seen by the peak at m/z 90. The peaks seen for m/z 76 
and 75 are from the deprotonation of a single benzene ring. 30 
 From the comparison of the ozonised mass spectrum with  
 
Fig. 2 Mass Spectra of pure and ozonised cis-stilbene. 
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Table 2 A summary of the possible peaks for pure and ozonised cis-
stilbene mass spectra. 
Ozonised 
Stilbene 
Pure 
Stilbene 
Fragment 
258 – 
257  
  
243 – 
238  
 Diperoxide or AAHP product deprotonated 
195 / 192   SOZ with one of the benzene rings fragmented 
to remove 2CH bonds and deprotonated 
189 – 
187  
 SOZ with one of the benzene rings fragmented 
to remove 3CH bonds removed and 
deprotonated 
 181 Isotope of stilbene parent ion 
 180 Stilbene Parent Ion 
 178 – 
171  
Stilbene Parent Ion deprotonated 
177  Diperoxide and AAHP with one of the benzene 
rings fragmented to remove 5CH bonds 
167  Diperoxide and AAHP with one benzene ring 
removed 
 165 Stilbene Parent Ion deprotonated 
151 151 SOZ with benzene ring removed  / Stilbene 
with one of the benzene rings fragmented to 
remove 2CH bonds and deprotonated 
147 147 SOZ with benzene ring removed and 
deprotonated / Stilbene with one of the benzene 
rings fragmented to remove 2CH bonds and 
deprotonated 
134 – 
132 
 AAHP with benzene ring and CO groups 
removed and deprotonated 
101 – 
100 
 Benzaldehyde deprotonated or Benzoic Acid 
with one oxygen removed and deprotonated 
 100 Benzene ring and alkene bond deprotonated 
 90 Benzene ring and CH  
86  Benzaldehyde and Benzoic Acid with all 
oxygen atoms removed and deprotonated 
79   
77  Benzene Ring 
76 - 72 76 – 75 Benzene Ring deprotonated 
64 – 60   Benzene Ring with one CH bond removed and 
deprotonated 
 
that for pure stilbene (see Table 2) it is apparent that the cis-
stilbene had completely reacted as the main bands of cis-5 
stilbene are not present thus confirming the conclusions from 
the infrared analysis. The ozonised spectrum shows a large 
amount of species with a lower molecular weight than that for 
cis-stilbene (peaks below m/z 180) and also a number of 
higher molecular weight species (peaks above m/z 180). 10 
These peaks are most likely from the formation of both small 
and large oxygenated products. Fragments seen below m/z 77 
can be attributed to the presence of the benzene ring and  
fragments of the benzene ring. These fragments confirm the 
conclusions from the infrared analysis that during the 15 
ozonolysis reaction the benzene ring remains intact. The 
fragments of benzaldehyde and benzoic acid are evident in the 
MS data from the peaks between m/z 101 and 100 and also the 
peak at 86. This confirms that benzaldehyde and benzoic acid 
are major products as identified in the infrared spectra. 20 
 In order to explain the higher mass products a mechanistic 
scheme based upon the work of Bishop et al.22 and the 
Ziemann mechanism for oleic acid ozonolysis16 has been 
derived, and is shown schematically in Figure 3. The cis-
stilbene reaction proceeds with the formation of an energy-25 
rich ozonide which readily decomposes to yield a Criegee 
Intermediate and benzaldehyde.22 The Excited Criegee 
Intermediate (ECI) can stabilise to form a Stabilised Criegee 
Intermediate (SCI) or isomerise to form benzoic acid as 
shown by reaction pathway A in the derived mechanism, 30 
therefore benzaldehyde and benzoic acid would be the 
primary products formed from cis-stilbene ozonolysis.  
The additional features seen in the ozonised mass spectrum 
above m/z 120 are therefore most likely attributed to the 
formation of larger ozonolysis products. These larger products 35 
can form via the association reactions of the SCI with a 
number of different species. Dimeric benzaldehyde peroxide 
(DBP) can be formed from the recombination of two SCIs (as 
shown by reaction pathway E) although this species may  
readily decompose to form two benzaldehyde and oxygen.  40 
 
Fig.3 A proposed reaction mechanism for cis-stilbene ozonolysis. 
The SCI can undergo association reactions with benzaldehyde 
and benzoic acid to form secondary ozonides (SOZ) and α-
acyloxyalkyl hydroperoxides (AAHP) respectively (as shown  45 
by reaction pathways C and D respectively). From the 
proposed reaction mechanism the most likely larger 
ozonolysis species that will be present are AAHP (parent ion 
m/z 244), SOZ (parent ion m/z 228) and DBP (parent ion m/z 
244) and these species may be able to account for the 50 
additional features in the ozonised mass spectrum. The 
majority of the peaks seen above m/z 120 can be attributed to 
fragments of the larger ozonolysis species described (see 
Table 2) The peaks seen between m/z 243 and 238 are most 
likely attributed to the deprotonation of the diperoxide or 55 
AAHP species previously discussed. The peak at m/z 167 is 
most likely from either the diperoxide or AAHP species (or 
both) with one benzene ring fragmented. Fragmentation of the 
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AAHP and diperoxide species may also account for the peak 
seen at m/z 177 where one of the benzene rings has been 
fragmented and five CH bonds removed. The formation of 
SOZ species is also very likely in the ozonised sample. The 
peaks at m/z 147 and 151 may be attributed to the SOZ with 5 
one of the benzene rings fragmented. The peaks seen between  
m/z 195 and 192 and also m/z 189 and 187 may also be 
attributed from the fragmentation of one of the benzene rings 
of the SOZ product. The presence of AAHP products in the 
ozonised sample is extremely likely as possible fragments are 10 
seen in the mass spectrum accompanied by the ester and 
hydroperoxide functionality present in the infrared spectrum. 
A number of the fragments seen in the ozonised mass spectra 
may be a result of the presence of DBP and SOZ products. 
The characteristic infrared bands for these species are not 15 
seen in any great detail in the ozonised infrared spectrum; 
however it is possible that a small amount is present and 
obscured by bands from more dominant species.  
 The product studies carried out has allowed for a stilbene 
ozonolysis reaction mechanism to be postulated and 20 
ozonolysis products to be determined. It is apparent that the 
primary ozonolysis products formed are benzaldehyde and 
benzoic acid. The formation of larger ozonolysis products 
such as AAHP products is extremely likely. The formation of 
SOZ and DBP is less likely although MS peaks may be 25 
attributed to these species the characteristic infrared bands 
could not be accurately assigned preventing definitive 
confirmation. 
3.3 Infrared Spectrometry analysis for the ozonolysis of cis-
stilbene in thin films. 30 
 The ATR FT-IR spectra for pure and ozonised cis-stilbene 
thin films are shown in Figure 4, and the main absorption 
band wavenumbers are tabulated in Table 1. The pure film 
infrared spectrum is identical to that seen in Figure 1 a for 
pure stilbene in the solution phase. The infrared spectrum 35 
obtained for stilbene after thirty minutes of ozone addition 
contained characteristic bands of unreacted stilbene and also a 
number of additional oxygenated product bands. The intensity 
of the stilbene bands present are significantly smaller than 
that seen for pure stilbene thus confirming the progression of 40 
the ozonolysis reaction. The retaining of the aromatic ring was 
also apparent from the infrared spectrum as seen for ozonised 
solution sample. The additional features show the initial 
formation of a number of key bands characteristic to 
oxygenated products. The formation of the O-H stretch is 45 
evident in the region 3000 – 2900 cm-1, carbonyl formation 
can be seen in the region 1780 – 1690 cm-1, the formation of 
O-H bending modes between 1370 – 1300 cm-1 and C-O 
stretching bands seen in the region 1290 – 1200 cm-1. The 
spectrum shown in Figure 4 c is for stilbene after sixty 50 
minutes of ozone addition. It is very likely that the reaction 
has reached completion as no contribution could be seen in 
the infrared spectrum from stilbene. The key oxygenated 
products previously described have increased in intensity. A 
very weak O-H stretch can be seen between 3535 – 3325 cm-1, 55 
although the intensity of the stretch is weak the band is still 
broad in shape due to the overlapping of different O-H  
Fig. 4 A typical ATR-FTIR spectrum for a thin film of cis-stilbene at 6 
ppm of ozone exposed for (a) 0 minutes, (b) 30 minutes and (c) 60 
minutes. 60 
species. The broad carbonyl band can also be seen in the 
region 1790 – 1690 cm-1 and has two peaks seen at 1770 cm-1, 
1760 cm-1 and a shoulder at 1730 cm-1. As before, the 
different peaks seen for the carbonyl can be attributed to 
species with aldehyde, acid and ester functionality. The bands 65 
seen at 1245 cm-1 and 1000 cm-1 are most likely to be the 
antisymmetric and symmetric modes of a C-O-C species, the 
possible formation of AAHP type products may account for 
the presence of these bands. A number of bands from O-H 
bending and C-O stretching modes are also evident although 70 
the exact type of oxygenated species producing these bands  
can not be accurately determined. 
 Comparison of the main infrared bands seen in the ozonised 
thin film and the bands of the reference benzaldehyde and 
benzoic acid are shown in Table 1. A number of the bands 75 
seen in the region 3105 – 3012 cm-1 can be attributed to a 
contribution from both species. The characteristic carboxylic 
acid O-H stretch seen in benzoic acid at 2989 cm-1 is also 
present in the ozonised spectrum. Two of the ring modes seen 
at 1600 cm-1 and 1454 cm-1 for benzaldehyde and benzoic acid 80 
are clearly present in the ozonised spectrum. The reference 
spectrum of benzaldehyde contains an O-H bend at 1310 cm-1 
and a C-O stretching mode at 1200 cm-1 which can also be 
seen in the ozonised sample. Similarly the ozonised spectrum 
also contains the characteristic benzoic acid O-H bend seen at 85 
0.00E+00
2.00E-02
4.00E-02
6.00E-02
8.00E-02
1.00E-01
1.20E-01
1.40E-01
1.60E-01
1.80E-01
2.00E-01
2.20E-01
2.40E-01
60010001400180022002600300034003800
Wavenumbers (cm-1)
A
bs
or
ba
nc
e 
a
b
c
 This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 
1325 cm-1 and the C-O stretching mode at 1290 cm-1. The out 
of plane C-H bending modes seen for the reference spectra are 
also present in the ozonised sample. The ozonised sample 
clearly has a significant contribution from the primary 
products benzaldehyde and benzoic acid as well as a 5 
contribution from larger ozonolysis products which are most 
likely to be AAHP species.   
3.4 Infrared Spectrometry analysis for aerosol phase 
ozonolysis of cis-stilbene. 
 In the aerosol phase stilbene particles could not be 10 
produced using homogeneous methods18 previously used for 
oleic acid particle generation and so a heterogeneous method 
was adopted. Ammonium sulfate is used as the seed particle 
which is then coated with stilbene vapor to form the coated 
particle. The FT infrared spectrum for the ammonium sulfate 15 
particle (seed), coated particle and the ozonised particle can 
be seen in Figure 5, with the main stilbene absorption bands  
Fig.5 A typical FT-IR spectrum for an aerosol experiment exposed to 
62 ppm of ozone (a) ammonium sulfate particles, (b) cis-stilbene 
coated particles, (c) ozonised cis-stilbene particles and (d) ozonised 20 
particle with ammonium sulfate subtracted. 
displayed in Table 1. The infrared bands present as a result of 
the ammonium sulfate seed are the NH4+ stretching mode seen 
in the region 3350 – 2650 cm-1, the NH4+ deformations in the 
region 1470 – 1395 cm-1, SO42-stretching mode between 1180 25 
– 1050 cm-1 and the SO42- ending mode in the region 634 – 
605 cm-1. In the coated particle infrared spectrum only the 
aromatic C-H stretching modes and out of plane C-H bending 
modes could be clearly seen which is most likely due to the 
small amount of stilbene present on the particle. In the aerosol 30 
phase experiments only a very thin coating of stilbene 
(approximately 0.2 µm) was present on the particles. Given 
the significantly small amount of material compared to the 
signal to noise ratio a number of bands will be absent from the 
infrared spectrum. 35 
 The intensity of the bands produced will be significantly 
weak compared to the signal to noise and so a number of 
bands will not appear in the infrared spectrum. The infrared 
spectrum of the ozonised particle contains not only 
characteristic aromatic bands but also a number of additional 40 
features. These infrared bands can be seen more effectively in 
the ozonised particle spectrum after subtraction of ammonium 
sulfate as seen in Figure 5 d. The additional features present 
in the ozonised particle are from the formation of oxygenated 
products. The strong bands seen in the region 2810 – 2725 45 
cm-1 are attributed aldehyde -OCH stretching modes, the 
broad band seen between 1760 – 1703 cm-1 is the carbonyl 
band which contains three distinct overlapping peaks at 1731 
cm-1, 1728 cm-1 and 1723 cm-1 all of which are characteristic 
of ester and aldehyde type species. The two peaks seen at 50 
1315 and 1305 cm-1 are O-H bending modes, the C-O 
stretching bands are seen by peaks at 1270 cm-1 and 1205 cm-1 
and the bands in the region 785 – 696 are from the C-H 
bending modes. 
 The infrared spectrum of ozonised stilbene can be 55 
compared to the reference solution infrared spectrum seen in 
Figure 1 b and Figure 1 c with the main infrared peaks shown 
in Table 1. A number of bands present in the ozonised 
spectrum can be attributed to benzaldehyde which are the –
OCH stretching modes, the O-H bending modes, the C-O 60 
stretching mode seen at 1205 cm-1 and the out of plane C-H 
bend seen at 740 cm-1. The ozonised spectrum does not 
possess any significant contribution from benzoic acid and 
therefore the main species present is benzaldehyde. During the 
ozonolysis reaction of cis-stilbene aerosols the AFT was seen 65 
to be coated with a white substance. The substance was 
extracted and infrared analysis showed it to be benzoic acid, 
therefore benzaldehyde and benzoic acid are both formed 
during the aerosol phase reaction but only benzaldehyde 
remains on the particle. 70 
3.5 Comparison of ozonised stilbene spectra obtained in 
various phases. 
A direct comparison can be made between the ozonised 
spectra for all the phases with the FT infrared spectra shown 
in Figure 6, and the main absorption band wavenumbers 75 
compared in Table 1. All spectra show features due to intact 
aromatic rings, as previously discussed. The ozonised solution 
spectrum (see Figure 6 a) shows five main broad additional 
features with fine structure on each. The broad bands are seen 
at 3700 – 3610 cm-1, 1800 – 1640 cm-1, 1500 – 1350 cm-1, 80 
1350 – 1160 cm-1 and 1160 – 910 cm-1. Within these broad 
features are characteristic bands for OH stretching modes, 
carbonyl modes, OH bending and C-O stretching modes for 
numerous oxygenated products. The solution phase infrared 
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analysis has shown strong evidence for aldehyde, alcohol, 
acid and ester species with the largest contribution from the  
primary products and a smaller contribution from the ester 
species which are most likely AAHP species. 
Fig. 6 A typical FT-IR Spectrum of ozonised cis-stilbene in (a) bulk 5 
phase, (b) thin film and (c) aerosol phase. 
 In the ozonised film spectrum (shown in Figure 6 b) the 
same broad features can also be seen but in significantly 
smaller intensities. The stretches seen between 3560 – 3270 
cm-1, 1430 – 1280 cm-1 and 1250 – 1150 cm-1 are significantly 10 
weaker in intensity to that seen for the solution phase 
spectrum. The carbonyl band seen between 1820 and 1720 cm-
1 is also significantly weaker than that seen in the solution 
phase, however the broad feature between 1180 and 910 cm-1 
is similar in intensity to that seen for the solution phase. 15 
These weaker stretches would suggest that although the larger 
ozonolysis products are being formed a significantly smaller 
amount is produced in the thin film phase. In the infrared 
analysis of the thin film ozonised spectrum there is strong 
evidence for the presence of the primary products and larger 20 
ozonolysis products. In the aerosol phase spectrum (see Figure 
6 c) the only broad feature seen is the carbonyl between 1790 
and 1710 cm-1 which suggests that no larger ozonolysis 
products are formed in the aerosol phase experiments. One of 
the main contributions to the aerosol phase spectrum is the 25 
bands between 2760 and 2680 cm-1 from benzaldehyde, 
which are also present in the bulk and, paradoxically, largely 
absent in the thin film. As previously stated all spectra show 
carbonyl resonances, although these are much weaker in the 
thin film spectrum. In the aerosol spectrum, only relatively 30 
high frequency carbonyl bands are seen, confirming the 
dominance of benzaldehyde in this phase. As discussed 
previously, the bulk solution spectrum contained a number of 
resonances the stretches of C-O-C moieties, and these are also 
seen in the thin film and are largely absent in the aerosol 35 
spectrum. 
 It is clear that the product distribution changes depending 
on the nature of the experimental configuration with the larger 
ozonolysis products being clearly seen in the bulk phase. In 
all cases it is the fate of the energy rich Criegee intermediate 40 
(ECI) that determines the product distribution. In the reaction 
mechanism outlined in Figure 3 the ECI can either isomerise 
to form Benzoic acid or be stabilised to the form the stabilised 
Criegee intermediate (SCI) and then react to form larger mass 
products. The presence of secondary products in the bulk 45 
phase experiments is most likely a result of the solvent 
making the stabilisation pathway more favorable for the ECI  
thus resulting in the formation of secondary adducts as seen in 
the solution phase infrared and mass spectromrtry spectra. In 
comparison both the film and aerosol experiments posses no 50 
contributions from a solvent which most likely results in the 
isomerisation pathway being the most dominant. Stabilisation 
of the Criegee Intermediate by water (solvent) has previously 
been reported for the ozonolysis reaction of maleic and 
fumaric aerosols at high relative humidities.23 The water 55 
facilitates the formation of a new reaction pathway for the 
ECI which results in the formation of secondary products23 
which had not been seen in the dry experiments.24 
 The differing proportions of secondary products formed in 
the film and aerosol experiments are most likely a result of the 60 
experimental conditions used specifically the flow regimes. 
The flow regimes within the film and aerosol experiments are 
distinctly different, the residence time in the AFT is a 
maximum of three seconds (with a typical volume flow rate of  
15 SLPM) where as in the film experiments the residence time 65 
is of the order of tens of minutes (with a maximum flow rate 
of 0.5 SLPM). Within the film experiments it is possible for 
the benzoic acid to condense back onto the film, as evidenced 
by the larger peaks at 2995 and 2905 cm-1. This will allow for 
the benzoic acid to react with any of the SCI to form a small 70 
amount of secondary products. In the AFT the benzoic acid 
readily partitions to the gas phase and thus will not be able to 
react with any of the SCI formed. Indeed, the gas phase 
benzoic acid was found to readily condense onto the apparatus 
which resulted in the particle infrared spectrum having no 75 
contribution form benzoic acid. 
4. Conclusions 
 In this study, the products formed during the ozonolysis 
reaction of cis-stilbene in the bulk phase were investigated 
using infrared spectroscopy and electron impact mass 80 
spectrometry. This detailed identification of the products 
formed during the reaction allowed for a possible reaction 
mechanism to be postulated. The ozonolysis reaction was also 
monitored in real time using infrared spectroscopy in other 
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phases specifically as a thin film and in the aerosol phase. The 
contribution from the major and minor ozonolysis products 
formed in each phase was effectively characterised and a 
direct comparison could be made for the products formed in 
the different phases. 5 
 The results from the bulk phase experiments indicate that 
both small and large aromatic oxygenated products were 
formed showing that during the ozonolysis reaction the 
aromatic ring remains intact. The main or primary product 
species were found to be benzaldehyde and benzoic acid 10 
formed from the decomposition of the primary ozonide. The 
larger ozonolysis products were suggested to be formed from 
further reaction of the Criegee Intermediate with either a 
Criegee Intermediate, and aldehyde or an alcohol as shown in 
Figure 3. These reactions produced diperoxides, secondary 15 
ozonides (SOZ) and α-acyloxyalkyl hydroperoxides (AAHP). 
The infrared and mass spectrometry results both showed 
strong evidence for the formation of AAHP products, however 
only the MS results suggested that SOZ and diperoxide 
species had formed. The solution study showed the main 20 
products were benzaldehyde and benzoic acid and the minor 
products to be AAHP species with the possibility of SOZ and 
diperoxides products. 
 The real time monitoring of the ozonolysis reaction on a 
thin film and in the aerosol phase allowed not only for the 25 
main products produced to be obtained but also a direct 
comparison to be made. The thin film results showed the main 
products to be benzaldehyde and benzoic acid, with a small 
contribution from AAHP type products. In contrast the initial 
aerosol data showed the main product to be benzaldehyde 30 
with no real evidence for AAHP formation. It has been 
suggested that the formation of these secondary products is 
facilitated by the presence of a solvent, by de-activating the 
excited Criegee intermediate formed. In both the thin film and 
aerosol the reaction does not possess any contributions from a 35 
solvent and so the amount of secondary products present 
would be expected to be minimal. The varying quantities of 
secondary products seen in the aerosol and film phase can be 
further explained by the flow regimes used in the experiments. 
The slow flow used in the film experiments will allow for the 40 
benzoic acid to readily condense back onto the film which 
will result in further reactions to form secondary products. 
The aerosol experiments utilized a significantly fast flow 
which in turn permitted the benzoic acid to partition form the 
particle into the gas phase and condense on the walls of the 45 
apparatus thus preventing further reactions and so secondary 
products forming. 
 In the atmosphere the majority of particles contain a 
significant proportion of water which can act as a solvent 
within the particle. These aerosols have shown a significant 50 
proportion of the composition present to be from high 
molecular weight organic species.25 It may be likely that the 
presence of water in these particles acts as a solvent thus 
allowing for the excited Criegee intermediate to be stabilised. 
This will allow for complex secondary products to be formed 55 
which have been seen in numerous field studies. Future work 
will therefore extend to experiments carried out at high 
relative humidity in order to ascertain if solvent in the aerosol 
and film phase increases the amount of secondary products 
formed. 60 
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In this paper, kinetic measurements of stilbene ozonolysis in a thin film and as a coated aerosol are 
reported. In the aerosols phase, heterogeneous reaction occurs at a rate comparable to that of oleic 
acid ozonolysis. The stilbene loss data was then treated under two different scenarios. When 
treated as a diffusion-limited process within the particle, a reactive uptake coefficient of γ = (1.5 ± 10 
0.3) x 10-3 is obtained for ozone concentrations in the range 6 – 50 ppm at atmospheric pressure 
and 292 K. If treated as a surface-only process, a reactive uptake coefficient of γ = (5.3 ± 0.3) x 10-
3 is obtained. It did not prove possible to determine specifically which of these processes 
dominates from a comparison of the experimental data with modelled values. Analysis of the loss 
of stilbene by heterogeneous reaction of ozone in a thin film yielded a reactive uptake coefficient 15 
of γ = (7.8 ± 1.4) x 10-5. Rates of reaction in the aerosol phase are observed to be approximately 
100 times faster and possible reasons for this discussed.
1. Introduction 
 The complexity of organic chemistry within and upon 
atmospheric aerosols is a subject of intense current interest in 20 
the light of the possible effects of composition and 
compositional change on particulate physical properties such 
as light scattering and cloud activation potential. A range of 
aerosol proxies have been used in laboratory experiments, 
exposed to a diversity of oxidants. Much of the previous work 25 
in the area focused on the ozonolysis of unsaturated organic 
compounds such as oleic acid,1-3 anthracene,4-8 linoleic acid,9 
linolenic acid9 and 2-octenoic acid.10 The main conclusions 
from these studies is that the chemistry is frequently very 
complicated, with a range of both primary and secondary 30 
products being detected from these relatively complex 
proxies. In order to address this problem, a much simpler 
proxy which could be used to explore the primary /secondary 
branching reactions from the Criegee intermediates with fewer 
side-products is required. To this end, stilbene (ArCH=HCAr) 35 
has been investigated because of its symmetry and the large 
difference in reactivity between the simple C=C unsaturation 
and the aromatic rings.11 
 In a recent product analysis of the ozonolysis of stilbene in 
three different phases, a range of major and minor products 40 
were successfully characterised and a generalized reaction 
mechanism was postulated.11 The reaction is initiated by 
addition of ozone across the C=C bond and proceeds via 
decomposition of the primary ozonides to form an array of 
aromatic oxygenated products. Analysis using a combination 45 
of IR spectroscopy and mass spectrometry techniques 
revealed that in all cases, the major products are benzaldehyde 
and benzoic acid, produced directly from the decomposition 
of the primary ozonide.11, 12 In solution, the formation of 
larger ozonolysis products was observed from association 50 
reactions of the Criegee intermediates (CI) and also from their 
reaction with some of the other stable products. These 
products were not formed in significant quantities in the pure 
material, either in thin films or in the aerosol phase. This 
suggests that any solvent (or any other material in the vicinity 55 
of the reaction which is capable of acting in the same way as a 
solvent cage) stabilises the initial excited CI, which is then 
capable of undergoing further reactions. In the aerosol phase, 
the benzoic acid was seen to partition from the particle phase 
to the gas phase, eventually condensing onto the walls of the 60 
apparatus.11 This has been taken to suggest that, in the 
absence of any solvent interactions, the excited CI 
decomposition produces benzoic acid with sufficient kinetic 
energy to desorb from the particle.  
 In this paper, a kinetic study of the ozonolysis of stilbene is 65 
reported using recently developed methods based on IR 
spectroscopy in both an aerosol flow tube and in a thin film 
flow cell.1, 13, 14 Kinetic data has been obtained over a range of 
ozone concentrations from which reactive uptake coefficients 
have been extracted. 70 
2. Experimental 
2.1 ATR-IR Spectroscopy of the reaction on thin films. 
 Thin film studies were performed using an ATR-IR 
Spectrometer that has been described in detail elsewhere.13 
Briefly the film studies were performed on a ZnSe internal 75 
reflection element (IRE) (Spectral Systems LLC) mounted in 
a custom built ATR accessory in a Thermo-Nicolet FT-IR 
Nexus Spectrometer. The thin films were formed on the IRE 
via a method known as casting, whereby a solution of the cis-
stilbene was spread over the crystal and the solvent was 80 
allowed to evaporate. A 50 µL aliquot of a 50 mM solution of 
cis-stilbene in ethyl acetate was placed on the crystal. The 
film produced allowed an exact volume of cis-stilbene to be 
determined with highly repeatable spectroscopic 
characteristics. Once the films were cast ozone was flowed 85 
over the film with spectra collected every minute and recorded 
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as the sum of 64 scans at 4 cm-1 resolution. In the film kinetic 
experiments the concentration of ozone was varied by 
allowing dilution with the nitrogen carrier gas. The ozone 
concentrations were determined by measuring the absorption 
at 254 nm (σ = 1.15 x 10-17 cm2 molecules -1)15 in a 5 
laboratory-built gas cell in a Perkin Elmer Lambda 25 UV-Vis 
Spectrometer. The concentrations of ozone used in the kinetic 
experiments varied between 5 and 25 ppm. 
2.2 Aerosol Flow Tube Kinetic Studies. 
 The aerosol flow tube (AFT) system and the FTIR 10 
Spectrometer detection system used in this work has been 
described in detail elsewhere.13Briefly an overview of the 
technique will be given here with an emphasis on the 
experimental conditions and procedures specific to this kinetic 
study. To generate the cis-stilbene particles a seed particle 15 
(ammonium sulfate) was required which was coated with cis-
stilbene vapor. The particle size distributions were then 
measured using a commercial process aerosol monitor (PAM 
510, TOPAS GmbH) before entering the flow tube. Aerosol 
particle dimensions were described by lognormal distributions 20 
with standard deviation σ < 1.15, where their average particle 
diameter (Dp) and number of particles (N’) were obtained.14 
The coated particles were diluted after entering the AFT by a 
sheath flow. The main AFT reactor consists of a 100 cm long, 
vertically orientated Pyrex glass flow tube with an internal 25 
diameter of 4.0 cm. A moveable stainless steel injector 146.5 
cm long and internal diameter 1.0 cm was inserted axially 
down the centre of the flow tube, through which a variable 
oxygen/nitrogen flow mixture was injected. In the kinetic 
experiments a total flow of 15.3 standard litres per minute 30 
(SLPM) was used which resulted in an average linear flow 
velocity of ~ 20 cm s-1 and a Reynolds number of ~ 435. The 
contact time was varied by setting the moveable injector to 
different positions from 14 to 70 cm along the length of the 
flow tube, which was equivalent to a contact time of 0.9 – 3.5 35 
s. 
 The Infrared detection system used in the kinetic aerosol 
experiments has been described in detail elsewhere.13 In these 
experiments the multipass long path cell used was based on a 
White Cell configuration, which operated at 16 passes or 40 
approximately 47.0 ± 0.9 cm pathlength and was mounted 
perpendicular to the direction of the flow. The aerosol flow 
crosses the infrared detection perpendicular to the multi-pass 
optics immediately prior to exiting the flow tube. Infrared 
spectra were acquired in situ using a modified commercial 45 
FT-IR Spectrometer (Nexus, ThermoNicolet) and the spectra 
were measured at a resolution of 4 cm-1 from the co-addition 
of 256 scans. In this study, experiments were performed at 
room temperature (~298 K), atmospheric pressure (1 atm) and 
at varying ozone concentrations. 50 
 The concentration of ozone present in the AFT experiments 
was determined from three characteristic infrared bands that 
were observed in the infrared spectrum of ozone. The peak 
height of the absorption band at 2123 cm-1, the peak area 2138 
− 2046 cm-1 (using a baseline 2140 − 2150 cm-1 for both) and 55 
area band 1072 − 991 cm-1 (using a baseline 1080 − 970 cm-1). 
The average ozone concentration obtained from the analysis 
of these bands determined the ozone concentration in the AFT 
within 5% error. The concentrations determined from the 
infrared bands were validated by a cross calibration using the 60 
UV-Vis Spectrometry method previously described. In the 
aerosol kinetic experiments the ozone concentration was 
varied between 7 and 60 ppm with an uncertainty of 5%. 
2.3 Chemicals 
 Chemical compounds were purchased from Aldrich and 65 
used without further purification: cis-stilbene (96%) and 
ammonium sulfate (99%). Ozone was generated by passing a 
flow of pure oxygen (BOC gases) through a commercial 
ozone generator (BMT802, BMT Messtechnik GmbH) for all 
of the experiments. The carrier gas used in all experiments 70 
was dry nitrogen (BOC gases Grade 0). 
3. Results and discussion 
3.1 Aerosol Kientic Study 
3.1.1 Particle characterisation for stilbene coated ammonium 
sulfate particles. 75 
Table 1 Size and concentration of aerosol particles for AFT experiments. 
The concentration given is of the particles before entering the AFT. 
Type Particle Size 
( µm) 
Concentration 
(P/cm3) 
Ammonium 
Sulfate 
0.7 ± 0.07 0.86 ± 0.3 x106 
Coated Particle 0.9 ± 0.05 4.1 ± 1.0 x 106 
Coating 
 
0.2 ± 0.07 - 
 
 Particle generation was achieved by utilizing a 
heterogeneous method with ammonium sulfate used as the 80 
seed particle. The efficient generation of the ammonium 
sulfate particles coupled with the strong characteristic infrared 
bands makes this species the most suited seed particle. Once 
the seed particle had been coated with stilbene the particles 
were then characterised using the TOPAS particle size 85 
analyser before entering the AFT. The size and concentration 
of the seed and coated particles were determined and can be 
seen in Table 1, these values were based on the assumption 
that perfectly spherical particles were formed. The particles 
are diluted on entering the AFT by the additional sheath flow. 90 
The stilbene particle number density within the AFT was 8.1 x 
104 cm-3 which equated to a stilbene concentration of 5.5 x 
1013 molecule cm-3. 
3.1.2 Kinetic Analysis of the ozonolysis reaction of stilbene in 
the aerosol phase. 95 
 In the aerosol experiments the stilbene band at 780 cm-1 can 
be seen to decrease during the reaction as shown in Figure 1. 
For quantification purposes the stilbene infrared band area 
was integrated between 790 and 763 cm-1. During the course 
of the experiment small particle size fluctuations were 100 
monitored by the TOPAS. As these changes can affect the 
concentrations of both the reactant and inert species a 
correction was required. The correction used was a stilbene to 
aerosol ratio which was determined by dividing the stilbene  
 This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 
Fig. 1 A typical FT-IR spectrum for cis-stilbene coated particles 
exposed at 62ppm for (a) 0 seconds, (b) 1.3 seconds, (c) 1.6 seconds 
and (d) 2.5 seconds. 
area by the integrated area of one of the ammonium sulfate 
bands since ammonium sulfate does not react. 5 
 In this study, aerosol kinetic experiments were carried 
out at different ozone concentrations to produce a kinetic 
matrix. The ozone concentrations used varied between 7 
and 60 ppm which equated to a concentration of 0.2 – 1.5 x 
1015 molecules cm-3. Comparison of the average particle 10 
concentration (8.1 x 1013 molecules cm-3) with that for 
ozone during the experiments clearly shows that ozone was 
in excess for all experiments such that the kinetics could be 
modelled using pseudo first order rate principles. It should 
be noted that at the first ozone addition point of the aerosol 15 
experiments it was found the approximately 60% of the 
stilbene had been consumed. This prevented the initial 
kinetics from being obtained so only the final stages of the 
kinetic decay were seen. This was a direct result of 
limitations in the aerosol flow tube set-up for fast gas/aerosol 20 
reactions. 
 A range of scenarios for the uptake of gases by aerosol 
particles are described in the literature, based upon the 
solutions of coupled reaction and diffusion equations under 
different simplified approximations. For liquid oleic acid 25 
aerosols, Smith et al. describe two simple cases, one in which 
a purely surface reaction occurs and one in which the reaction 
occurs within a finite shell of the aerosol (dictated by the 
reacto-diffusive length).1 A significant problem that has been 
highlighted by Smith et al.1was that the reactions occurring 30 
are most likely taking place in the bulk and on the surface 
simultaneously. Extracting the relative contributions from 
each process is extremely difficult. This means that in kinetic 
aerosol studies an assumption must be made as to which 
process is the most dominant. The data must be analysed 35 
using both decays previously described in order to ascertain 
the best correlation. The mathematical function that represents 
the data the most efficiently is assumed to be the dominant 
case. For this study the same principles will be used to 
determine the limiting case. 40 
 For the diffusion limited case the kinetic data can be 
represented using Equation 1 derived from Smith et al.1 
t
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Fig. 2 A typical kinetic plot for a diffusion limited reaction at 24 ppm of 
ozone. 45 
where [Stilbene]t is the amount of stilbene at a given time, 
[Stilbene]0 is the initial amount of stilbene before the reaction, 
PO3 is the partial pressure of ozone, H is the Henry’s law 
solubility constant of ozone in stilbene, D is the diffusion 
coefficient of ozone in stilbene, k2 is the second order rate 50 
coefficient specific to reaction in the bulk, a is the particle 
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radius and t is the time.  A plot of the 
0][
][
Stilbene
Stilbene t vs. time 
will produce a linear relationship, where [Stilbene]t is the 
integrated reactant band area at a given time and [Stilbene]0 is 
the band area prior to ozone addition.  
Table 2 Gradients obtained for diffusion and surface limited 5 
cases in AFT experiments.  
[O3] (ppm) m1a (s-1) 
(Diffusion-limited) 
m1b (s-1) 
(Surface) 
10.0 
10.9 
16.5 
23.6 
24.0 
31.9 
45.8 
62.4 
0.156 ± 0.015 
0.185 ± 0.025 
0.182 ± 0.052 
0.182 ± 0.028 
0.249 ± 0.031 
0.234 ± 0.046 
0.195 ± 0.037 
0.269 ± 0.037 
0.52 ± 0.019 
0.812 ± 0.036 
0.891 ± 0.083 
0.478 ± 0.032 
1.000 ± 0.034 
0.955 ± 0.060 
0.817 ± 0.048 
1.292 ± 0.050 
Fig. 3 A typical kinetic plot for a surface limited reaction at 
24ppm of ozone. 
The gradient of the slope will equate to 
0
23
][2
)(3
Stilbenea
DkHPO . This 
plot was produced for all the aerosol experiments and an example 10 
of the graph can be seen in Figure 2. The gradients (denoted as 
m1a) for all the experiments are shown in Table 2. For a surface 
limited case Equation 2 was used to construct a graphical 
representation of the data.1 
 tHkP
aStilbene
Stilbene surf
O
t ).(3
][
][
ln 23
2
0
δ
−=                                          (2) 15 
where δ is the depth of the surface layer and surfk2  is the 
second order rate coefficient specific to the surface reaction.  
The plot of 
0][
][
ln
Stilbene
Stilbene t vs. time will have a linear 
relationship as seen with the diffusion limited case. The slope 
of this graph will equal )(3 23
2
surf
O HkPa
δ . These plots were 20 
generated for a surface limited case and an example of this 
can be seen in Figure 3. The gradients (denoted as m1b) 
obtained for each experiment are tabulated in Table 2. It 
should be noted that the errors associated with m1a and m1b 
were obtained to the 1σ level from the linear regression of the 25 
plots. 
Fig. 4 A plot of m1a vs. partial pressure of ozone for a diffusion limited 
reaction 
 A graphical representation of the gradients obtained for 
both cases vs. partial pressure of ozone will allow for the 30 
necessary parameters required to determine the reactive 
uptake to be obtained. The plot for the diffusion limited case 
can be seen in Figure 4 and the slope obtained is equivalent to  
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0
2
][2
)(3
Stilbenea
DkH
 and denoted as m2a. The value obtained for 
m2a is 3255 ± 743 s-1 atm-1. A similar plot for the surface 
limited reaction is shown in Figure 5 and the gradient equated 
to )(3 2
2
surfHk
a
δ  which is denoted as m2b. This was determined 
as 11757 ± 2115 s-1 atm-1. As with the previous gradients (m1) 5 
the error associated with the m2 values is obtained to the 1σ 
level from the linear regression. 
Fig. 5 A plot of m1b vs. partial pressure of ozone for a surface limited 
reaction. 
3.1.3 Reactive uptake determination for aerosol phase 10 
stilbene ozonolysis. 
 Reactive uptake coefficients have been used extensively by 
a number of groups to compare the uptake of trace gases on 
aerosol surfaces. The coefficient is a numerical representation 
which allows for various systems with either different reactant 15 
species or oxidant or both to be compared. To determine the 
coefficient a number of parameters are required, some of 
which are the reaction rate, particle size, the actual 
temperature of the system and the diffusion coefficient of 
ozone. The reactive uptake has been commonly interpreted 20 
using an electric circuit resistance model, where each process 
that can affect the uptake is considered independent or 
decoupled from other processes. Mathematical solutions for 
various limiting cases have been determined. In this study the 
mathematical solutions obtained by Smith et al.1 for limiting 25 
cases will be used to determine the reactive uptake. 
 As previously discussed the two limiting cases that are 
most likely to be affecting the stilbene particles used in this 
study have been determined as either the diffusion limited 
case or the surface reaction scenario. The mathematical 30 
solution for the reactive uptake coefficient for a diffusion 
limited case is shown in Equation 3.1 
02 ][StilbeneDkc
RTH
=γ                                                     (3) 
where R is the gas constant, T is the temperature and c is the 
mean molecular speed of ozone. As the values of H, D and k2 35 
are not known for the stilbene system a substitution is 
required in order to calculate the reactive uptake. As 
previously shown m2a is equivalent to
0
2
][2
)(3
Stilbenea
DkH
. A 
rearrangement of this will allow for an algebraic expression 
for 2DkH  to be obtained (as shown in Equation 4). 40 
3
][2 20
2
amStilbeneaDkH =                                                  (4) 
 Substituting the expression obtained for 2DkH  into the 
reactive uptake equation will allow for a revised diffusion 
limited uptake equation to be obtained (as shown in Equation 
5). 45 
02 ][3
8 Stilbeneam
c
RT
a=γ                                                            (5) 
 The values used for the initial concentration of stilbene and 
the mean molecular speed of ozone are 5.61 mol L-1 and 360 
m s-1 respectively. In the aerosol study the temperature was 
taken to be room temperature (~298 K) and the coated particle 50 
diameter for each experiment was determined using the 
particle size analyser. The value for m2a has previously been 
calculated and was found to be 3255 ± 743 s-1 atm-1. Using all 
the given parameters a reactive uptake of (1.5 ± 0.3) x 10-3 
was determined for the diffusion limited case. The error 55 
associated with the coefficient was calculated using the error 
obtained from the linear regression of m2a. The same 
procedure used for obtaining the diffusion limited reaction 
uptake equation will be used for the surface reaction.  For a 
surface limited case the reactive uptake equation can be 60 
determined from Equation 6. 
02
2 ][4 Stilbenek
c
RTH surfδγ =                                                      (6) 
As in the diffusion limited case a number of the parameters in 
the surface uptake equation such as H, δ and surfk2 are 
unknown for stilbene. The surface reaction gradient m2b can 65 
be used to derive an algebraic expression for surfkH 2
2δ (as seen 
in Equation 7) by the same method previously shown for the 
diffusion limited case. 
0
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2
2
2 amkH bsurf =δ                                                                        (7) 
A revised uptake equation for a surface limited case (as 
shownin Equation 8) can be derived from the substitution of 
the algebraic expression into Smith et al.1 surface uptake 
equation.    5 
02 ][.3
4 Stilbenema
c
RT
b=γ                                                           (8)   
The gradient m2b has been previously quantified and is 11757 
± 2115 s-1 atm-1. From Equation 8 the reactive uptake 
coefficient for a surface reaction scenario was ascertained as 
(2.7 ± 0.5) x 10-3 with the error calculated from the error 10 
associated with the linear regression of m2b. 
 Previous work by a number of groups has shown not only 
the difficulty in differentiating between the two limiting cases 
described but also that both reactions are most likely to occur 
simultaneously within the particle.1, 16-18 This means that 15 
assumptions must be made as to the limiting case affecting the 
system of interest which is most often achieved by 
determining the best representation of the data. For oleic acid 
ozonolysis in the aerosol phase the diffusion limited case has 
been found to efficiently represent the data. The difficulty in 20 
differentiating between the two cases is evident in the stilbene 
ozonolysis experiments carried out in the aerosol phase. As 
both cases sufficiently modelled the data obtained in this 
study an assumption could not be made as to the case which 
best represented the data. For this reason both values obtained 25 
for the reactive uptake will be quoted for the aerosol phase 
stilbene ozonolysis reaction 
3.2 Thin Film Kinetic Study. 
3.2.1 Kinetic analysis of the ozonolysis reaction of stilbene in 
thin films. 30 
 Analysis of the aerosol experiments has shown that 
monitoring the unique stilbene out of plane C-H bend can 
determine the ozonolysis reaction kinetics. Previous analysis 
of the thin film infrared bands concluded that the most 
dominant product bands in the ozonised spectrum were the 35 
aromatic aldehyde –CHO band. In the thin film study the out 
of plane C-H bend at 778 cm-1 was integrated (between 800 
and 773 cm-1) to monitor the reactant loss and the aromatic 
aldehyde –CHO band at 2904 cm-1 was integrated (between 
2970 and 2870 cm-1) to monitor product formation. The 40 
intensity changes for the bands at 778 cm-1 during the thin 
film ozonolysis reaction can be seen Figure 6. 
 In the thin film experiments a solution of stilbene was cast 
onto the ZnSe crystal to produce a uniform film. Ozone was 
then passed over the film where the stilbene molecules at the 45 
surface of the film came into direct contact with the ozone 
molecules which consequently reacted. The concentration of 
stilbene molecules at the surface of the film was determined 
as being 1.2 x 1014 molecules. The concentration of ozone 
used in the experiments is varied between 6 and 25 ppm 50 
which equated to a concentration of 1.5 – 6.3 x 1014 molecules 
cm-3 of ozone. Comparison of the relative concentrations of  
the reactants in the thin film experiments show that the ozone 
is in excess and so the ozonolysis reaction can be described as  
a pseudo first order reaction with respect to ozone. The 55 
stilbene reactant loss can be determined using a pseudo first 
order rate equation as shown in Equation 9. 
Fig 6. ATR-FTIR spectra of cis-stilbene reaction at 6ppm showing the 
decrease of the out of plane H-bend (778cm-1). 
tk
A
At '
1
0
ln −=   (9) 60 
The initial absorbance A0 is determined as the integrated area 
of the band at 778 cm-1 before the addition of ozone, the 
absorbance at a given time At is the integrated area of the 778 
cm-1 band at a given time, t is the time and k1’ is the pseudo 
first order rate constant. A plot of the ln(At/A0) vs. time for a 65 
pseudo first order reaction will yield a straight line with the 
gradient equal to the pseudo first order rate constant. The 
logarithmic datasets obtained from the film experiments under 
different ozone concentrations are shown in Figure 7. The 
curvature seen in the logarithmic plots has been previously 70 
explained as being a result of the optics underlying the ATR 
technique.13 Modelling the stilbene film experiments by 
convolving the evanescent wave intensity per nm layer 
thickness above the interface with a pseudo first order decay 
of the absorbance band will efficiently reflect the behaviour 75 
seen in the decay plots.19 Figure 8 shows a comparison of the 
experimental absorbance time profile (denoted as Absx) with 
that determined using the model (denoted as Stilbene(t)). The  
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Fig. 7 ATR film study logarithmic decay plots for 6ppm (red), 10 ppm 
(pink), 15 ppm (green), 20 ppm (blue) and 25 ppm (purple). 
modelled fit shows significant improvement and confirms that  
the curvature is a feature of the ATR optics and not a result of 
the reaction being diffusion limited. The values of the 5 
modelled pseudo first order rate constants k1’ for the various 
ozone concentrations used in the experiment are shown in 
Table 3.  
Table 3 Modelled pseudo first order rate constants for varying ozone 
concentrations from ATR film study. 10 
[O3] (ppm) Modelled k1’ (s-1) 
6 
10 
15 
20 
25 
1.10x10-3 
1.17x10-3 
1.57x10-3 
1.70x10-3 
2.40x10-3 
 
The modelled rate constants obtained for the film study are 
seen to increase with an increase in ozone concentration. This 
relationship can not only be quantified by generating a plot of 
the pseudo first order rate constants vs. partial pressure of 15 
ozone but this plot can also yield a second order rate constant 
(k2) as seen in Figure 9. For the film experiments of stilbene a 
linear regression is used to determine the second order rate 
constant. The value obtained for this study is 64.8 ± 11.2 s-1 
atm -1, where the error is given at the 1 σ level from the linear 20 
regression fit.  
 
 
 
 25 
 
 
 
 
 30 
 
 
 
 
 35 
 
 
 
 
 40 
 
 
 
Fig. 8 Modelled simple first order rate loss in a 6ppm experiment for (a) 
absorbance time profile showing modeled (red) and actual (blue) and (b) 45 
logarithmic time profile showing modeled (red) and actual (blue). 
 In the film experiments the kinetic data (once modelled) 
can be efficiently represented using a logarithmic decay 
function. This mathematical function is often used to denote a 
surface reaction as described previously in the aerosol kinetic 50 
section. The thickness of the film used in the experiments was 
significantly small (795 nm) which would imply that the 
reaction will be dominated at the surface of the film. For these 
reasons the reactive uptake was calculated assuming a surface 
only process as per Hung and Ariya.20 The reactive uptake 55 
coefficient was determined using Equation 10. 
][4 2 StilbenekS
V
c
RT
A
=γ                                                          (10) 
In Equation 10, T is the temperature, c is the mean molecular 
speed of ozone, V is the volume of the film, SA is the surface 
area of the film, k2 is the second order rate constant and 60 
[Stilbene] is the concentration of stilbene. For the film 
experiment the volume to surface area ratio or film thickness 
is calculated to be 795 nm based on the assumption of a 
uniform film covering the entire surface of the crystal (5.6 
cm2). The mean molecular speed of ozone is 360 m s-1 and the 65 
temperature is taken as room temperature (298 K). The 
[Stilbene] is determined as 5.61 mol L-1 based on both the 
density of stilbene (1.011 g cm-3) and the molar mass (180 g 
mol-1). The second order rate constant determined from Figure 
9 is used to calculate the reactive uptake coefficient. For a 70 
second order rate constant of 64.8 ± 11.2 s-1 atm -1, a reactive 
uptake of (7.8 ± 1.4) x 10-5 can be determined. The error 
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associated with the reactive uptake is calculated using the 
error obtained from the second order rate constant. 
3.3 Comparison of aerosol and thin film reactive uptake. 
 In order to quantify the reactive uptake coefficient of 
heterogeneous processes assumptions must be made regarding 5 
the limiting scenario. These assumptions are based on the best 
mathematical representation of the kinetic data obtained. The 
stilbene experiments carried out in the aerosol phase could be 
described to the same degree of accuracy thus preventing an 
assumption regarding the limiting scenario to be made. This 10 
resulted in both diffusion limited and surface reaction reactive 
uptake coefficients being determined for the aerosol phase 
stilbene ozonolysis. In contrast to the difficulty seen for the 
aerosol phase experiments the thin film experiments were 
assumed to be limited by the surface reaction thus allowing 15 
for a single reactive uptake coefficient to be quantified. 
Fig. 9 Second order rate plot of modelled k1’ vs. [O3] for ATR film study. 
In the aerosol phase the surface reactive uptake coefficient  
was (5.3 ± 1.0) x 10-3 and the diffusion reactive uptake was 
(1.5 ± 0.3) x 10-3. The variation between the reactive uptakes 20 
calculated in the aerosol phase was a factor of three. Previous 
work carried out on the AFT system determined the reactive 
uptake for oleic acid ozonolysis as being (6.0 ± 0.5) x 10-4 
using the diffusion limited case.13 This is the known limiting 
case for aerosol phase oleic acid ozonolysis and the reaction 25 
has been studied extensively by a number of groups.1 
Comparison of the oleic acid and stilbene diffusion uptakes 
would suggest that the ozonolysis reaction of stilbene is faster 
by more than a factor or two. 
 In the film experiments the data could be efficiently 30 
represented using the mathematical function related to the 
surface reaction and so the reactive uptake was determined 
assuming a surface reaction. For stilbene ozonolysis the 
reactive uptake was quantified as (7.8 ± 1.4) x 10-5 in the film. 
Previous work on the same infrared system has been carried 35 
out for the ozonolysis reaction of oleic acid thin films 
assuming a surface reaction.13 In the oleic acid film study the 
reactive uptake coefficient was determined as (7.5 ± 2.7) x 10-
5.13 Comparison of the reactive uptake coefficients suggests 
that both organic species have a similar rate of reaction in thin 40 
films. 
 The reactive uptake coefficients obtained for the film and 
aerosol phase experiments for stilbene ozonolysis should be 
identical within experimental error. This was clearly not the 
case as the stilbene film reactive uptake coefficient was two 45 
orders of magnitude smaller than the aerosol phase 
experiments. The reduction in reactivity between aerosols and 
thin films has precedent in the observation of Kwamena et 
al.21 The ozonolysis of adsorbed PAHs was found to be 10 
times faster on aerosol substrates compared to studies at the 50 
air–aqueous interface or on surface films. Similarly Last et al., 
report over an order of magnitude increase in reactivity for the 
ozonolysis of oleic acid on aerosol in comparison to surface 
films.13 The work of Kwamena et al21. suggests that liquid 
phase diffusion might account for these differences. Kwamena 55 
et al.21 proposed that most of the anthracene is in the bulk so 
that anthracene is depleted at the surface by reaction and thus 
must be replenished. Hence, the kinetics measured in the thin 
film experiments may be diffusion limited.21 Furthermore, 
Gonzalez-Labrada et al.,22 who studied the ozonolysis of oleic 60 
acid as a monolayer on a water droplet have observed a 
reactive uptake coefficient as low as (2.6 ± 0.1) × 10-6, i.e. 2 
orders of magnitude slower than on aerosol. Gonzalez-
Labrada et al.,22 concluded that under their experimental 
conditions the surface reaction was the sole contributing 65 
process to the observed uptake coefficient. Giving further 
evidence that diffusion of the gas into the bulk of the aerosol 
or liquid (or reaction occurring in the bulk) contributes 
significantly to the uptake coefficient measured.22 
Alternatively the variation between the experimental systems 70 
may be the result of the mathematical derivation of the 
reactive uptake. These equations are based on the assumption 
that the particles are spherical and so the mathematical 
solutions used utilize equations and derivations based on this 
geometrical shape.1 In the aerosol experiments the 75 
geometrical shape of the reactive organic is spherical and so 
the reactive uptake solutions can be applied. In contrast the 
film experiments have a non-spherical geometry and so the 
mathematical solutions will not model the reaction correctly 
thus producing a variation in the magnitude of the uptake. In 80 
order to resolve the issue mathematical solutions must be 
derived for the film geometry and subsequently the uptake 
must be recalculated. Unfortunately the mathematical 
solutions for the uptake in the film are currently 
undetermined. 85 
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4. Conclusions 
 The first kinetic studies of the ozonolysis of stilbene both 
as a thin film supported on a ZnSe ATR and on aerosol have 
been undertaken. A significant strength of the FTIR method is 
that the loss of the stilbene can be directly probed by 5 
monitoring the out of plane C–H bending band. Kinetics were 
modelled in the aerosol phase using two simple cases, one in 
which the reaction occurs within a finite shell of the aerosol 
(dictated by the reacto-diffusive length) and the other for a 
reaction at the surface.1 It is however extremely likely that the 10 
bulk and surface reactions are occurring simultaneously in the 
particle.1 Extracting the contributions from each process has 
been proven to be extremely difficult and so reactive uptakes 
are obtained under the assumptions that one process 
dominates. The mathematical functions associated with the 15 
described limiting cases could efficiently represent the 
stilbene aerosol kinetics to the same degree of efficiency. This 
prevented any assumptions to be made regarding the most 
suitable case to model the stilbene ozonolysis and so both 
scenarios were used to quantify the reactive uptake. For the 20 
stilbene aerosol size distribution utilized in these experiments, 
the reactive uptake coefficients obtained were (5.3 ± 1.0) x 10-
3 assuming a surface reaction and (1.5 ± 0.3) x 10-3 for a 
reaction limited by diffusion. This implies that the stilbene 
ozonolysis reaction is substantially faster than that for oleic 25 
acid aerosol ozonolysis 8.8 x 10-4 23 by approximately a factor 
of two.   
 The morphology of the film was also found to have an 
effect on the observed kinetics of the ozonolysis of stilbene, 
as a result of the evanescent wave decay with depth of 30 
penetration into the film, however, it was found that pseudo 
first order kinetics could be successfully modelled using a 
simple treatment convolving evanescent wave intensity with 
scaled absorbance per nm layer thickness assuming 
exponential reactant loss. This mathematical representation 35 
allowed for the reactive uptake to be quantified assuming a 
surface dominated reaction 7.8 x 10-5. For ozonolysis 
reactions on thin films it was determined that stilbene and 
oleic acid have a similar rate of reaction. Furthermore the 
dependence of reaction kinetics on morphology or dimension 40 
of stilbene was observed in the order of magnitude difference 
between reactive uptake coefficients obtained for the thin film 
and aerosol in agreement with other work. 
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In this paper, a kinetic and mechanistic study of the heterogeneous reaction between a binary 
mixture of oleic acid and stilbene with ozone is reported. Infrared spectroscopic and mass 10 
spectrometric analysis of the ozonolysis reaction in the bulk phase identified the main ozonolysis 
products as the primary products of stilbene and oleic acid. Higher mass secondary products were 
evident of which similar contributions could be seen to that observed in the single component 
systems with additional features from cross reactions. Kinetic measurements were determined in 
the thin film and aerosol phase utilising infrared spectroscopic methods. In the aerosol phase, only 15 
the heterogeneous loss of stilbene could be quantified as a result of spectral limitations. The 
stilbene loss data was treated under two different scenarios. When treated as a diffusion-limited 
process within the particle, a reactive uptake coefficient of γ = (4.4 ± 0.3) x 10-3 is obtained for 
ozone concentrations in the range 6 – 40 ppm at atmospheric pressure and 298 K. If treated as a 
surface-only process, a reactive uptake coefficient of γ = (10.0 ± 1.8) x 10-3 is obtained. 20 
Comparison with the single component system indicates an increased reaction rate for the mixed 
particles which can be attributed to secondary reactions. In the thin film, only the heterogeneous 
reaction of oleic acid was observed as a result of segregation of the organic components. Analysis 
of the oleic acid loss yielded a reactive uptake coefficient of γ = (6.8 ± 0.7) x 10-5. As a result of 
this separation, the oleic acid reaction within the binary film can be considered as that of pure oleic 25 
acid. 
1. Introduction 
 Atmospheric organic aerosols are known to possess 
numerous types of organic compounds including alkenes, 
alkanes, fatty acids, aldehydes, alcohols and aromatics.1-3 30 
These aerosols are susceptible to oxidation by a variety of 
oxidants to form oxygenated products.4-8 The products 
produced from the subsequent reaction can alter the 
composition of the aerosols thus resulting in variations of the 
physicochemical properties, optical properties and shape of 35 
the particle.9-16 Understanding and modelling these processes 
is a key key step towards the improvement of predictive 
capability for aerosol composition in atmospheric models, for 
which the organic fragment currently provides the greatest 
challenges. 40 
 Fundamental chemical studies of oxidant uptake processes 
on real atmospheric aerosols are extremely challenging as a 
result of the extensive variety of organic species present. In 
order to minimise experimental complexity for laboratory 
studies, single component aerosol systems are often 45 
commonly used (the extensive studies of oleic acid ozonolysis 
for example6, 17-19). Whilst such studies provide a wealth of 
chemical detail, they necessarily miss any interactions which 
may occur between the various organic constituents of more 
complex mixtures, something which can limit the usefulness 50 
of the data.20-22 
 In order to extend current understanding of the nature and 
effects of chemical interactions between the organic 
components within aerosols (and consequently the rates of the 
heterogeneous processes in the atmosphere), laboratory 55 
measurements of systems containing a mixture of components 
are vital. A first step to increasing the complexity of 
laboratory aerosol systems is to examine simple binary 
mixtures.23 Oxidation of oleic acid in mixtures with other 
unreactive organic acids have previously been reported. In 60 
some cases (mixtures with hexadecanoic and heptadecanoic 
acid), the rate of the ozonolysis reaction of oleic acid was 
found to decrease substantially at certain ratios.19 On the other 
hand, Hearn and Smith found that the rate of ozonolysis for 
oleic acid did not alter in the presence of myrstic acid24 but 65 
did in mixtures with stearic acid. These and other studies 
generally point towards the conclusion that the presence of 
other materials miscible with oleic acid can alter the rate of 
reaction by acting as a solvent or matrix, effectively 
modifying the mobility and accessibility of the reactive 70 
component (i.e. oleic acid). Typically, when the matrix 
material is solid, the reactivity of the oleic acid drops by a 
factor of more than 10.15 Similar effects are seen when oleic 
acid is coated onto particles (inorganic salt cores or latex), 
where the presence of the second component in this case 75 
modifies the adsorption of gas-phase ozone to the surface.25 
From such studies, it seems clear that physical effects, 
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although complex, can readily be understood.  
 What the above work does not consider however are the 
consequences of having two reactive components in the same 
aerosol. In this paper, a study of the ozonolysis reaction of a 
binary mixture of oleic acid and stilbene is reported. Both 5 
species undergo nominally the same kind of chemistry 
(ozonolysis of a C=C bond to form a variety of stable species 
and Criegee intermediates) and react at similar rates.26-28 The 
aims of this study are twofold: firstly to identify cross- 
products between any of the Criegee intermediates formed 10 
from one component with fragments from the other, and 
secondly determine any effects upon the reaction kinetics of 
the components of the mixed system compared to those of 
single components. The choice of stilbene for this purpose is 
predicated upon the symmetric nature of its chemistry, which 15 
involves as a first step in the decomposition of the primary 
ozonide the formation of benzaldehyde and a Criegee 
intermediate from which benzoic acid is readily formed. This 
can be compared to oleic acid, for which the first steps in the 
decomposition of the primary ozonide can produce four stable 20 
products and two different Criegee intermediates. The aryl 
groups in stilbene (and its products) are relatively inert to 
ozonolysis, being about 100 times slower than the oxidation 
of the central C=C bond. As a result, any cross-product either 
from the reaction of a stilbene primary product with and oleic 25 
acid Criegee intermediate or from the reaction of the stilbene 
Criegee intermediate with an oleic acid fragment will retain 
the aryl group. Infrared spectroscopy and mass spectrometry 
were used to identify the presence of any aryl-containing oleic 
acid fragments and to measure the rates of reaction of 30 
mixtures of oleic acid and stilbene in bulk solution, thin films 
and in the aerosol phase.  
2. Experimental 
2.1 Solution phase 
Solutions of oleic acid and the binary mixture were prepared 35 
in ethyl acetate, at typical solute concentrations of 10mM 
(with respect to both cis-stilbene and oleic acid for the 
mixture). The ozonolysis reaction was carried out in a glass 
bubbler system. The system consists of a glass reaction vessel 
containing a solution of the relevant material through which 40 
ozone can be bubbled at a controlled rate. The vessel was 
stirred at approximately 200 rpm during experiments to ensure 
even mixing of the ozone with the solution. A volume of 20 
ml of the ethyl acetate solution was deposited in the bubbler 
and a gas flow of 20 sccm of ozone in oxygen was passed 45 
through. In a typical experiment, the concentration of ozone 
was kept constant (at 2.4 x104 ppm) and the system was left 
for twenty minutes to ensure all the components had reacted. 
The exit side of the bubbler was fitted with a KI scrubber to 
remove excess ozone.  50 
 Infrared spectra were recorded using a commercial diamond 
ATR attachment (Pike Miracle) fitted inside the sample 
compartment of an FTIR spectrometer (JASCO Model 4200). 
A micropipetted amount (30 µL) of the sample solution was 
deposited and the solvent (ethyl acetate) was allowed to 55 
evaporate prior to spectra being recorded. Spectra were 
recorded for solutions before and after ozone addition. A total 
of 128 spectra were collected at a resolution of 4 cm-1 and co-
added to create an absorbance spectrum.  
 In parallel work both pure and ozonised samples of the 60 
mixture were analysed by Electron Impact GC-MS at the 
NERC Life Sciences Mass Spectrometry Facility at the 
University of Bristol with a ThermoQuest Trace MS 
(ThermoFisher Scientific). The system used a helium gas 
carrier, with a transfer line temperature of 24 oC and a source 65 
temperature of 200 oC. The mass spectra were obtained at an 
electron ionization potential of 70 eV. The scanning m/z was 
from 50 − 650, with a cycle time of 0.6 s and an injector 
volume of 1 µl. 
2.2 ATR-IR Spectroscopy of the reaction on thin films. 70 
 Thin film studies were performed using an ATR-IR 
Spectrometer that has been described in detail elsewhere.26 
Briefly the film studies were performed on a ZnSe internal 
reflection element (IRE) (Spectral Systems LLC) mounted in 
a custom built ATR accessory in a Thermo-Nicolet FT-IR 75 
Nexus Spectrometer. The thin films were formed on the IRE 
via a method known as casting, whereby a solution of the 
binary mixture was spread over the crystal and the solvent 
was allowed to evaporate. As with the solution experiments a 
1:1 ratio with respect to cis-stilbene and oleic acid was used. 80 
A 50 µL aliquot of a 50 mM solution of the mixture in ethyl 
acetate was placed on the crystal. The film produced allowed 
an exact volume of the mixture to be determined with highly 
repeatable spectroscopic characteristics. Once the films were 
cast, ozone was flowed over the film with spectra collected 85 
every minute and recorded as the sum of 64 scans at 4 cm-1 
resolution. In the film kinetic experiments, the concentration 
of ozone was varied between 6 and 25 ppm by dilution with 
the nitrogen carrier gas. The ozone concentrations were 
determined by measuring the absorption at 254 nm (σ = 1.15 x 90 
10-17 cm2 molecules -1)29 in a laboratory-built gas cell in a 
Perkin Elmer Lambda 25 UV-visible spectrometer.  
2.3 Aerosol Flow Tube Kinetic Studies. 
 The aerosol flow tube (AFT) system and the FTIR 
spectrometer detection system used in this work has been 95 
described elsewhere.26 Briefly an overview of the technique 
will be given here with an emphasis on the experimental 
conditions and procedures specific to these measurements. In 
order to generate the mixed organic particles the oleic acid 
particles were homogeneously nucleated as described in Last 100 
et al.26 Once generated the oleic acid particles were coated 
with cis-stilbene vapor. The particle size distributions were 
then measured using a commercial process aerosol monitor 
(PAM 510, TOPAS GmbH) before entering the flow tube. 
Aerosol particle dimensions were described by lognormal 105 
distributions with standard deviation σ < 1.15, where their 
average particle diameter (Dp) and number of particles (N’) 
were obtained.30 The coated particles were diluted after 
entering the AFT by a sheath flow. The main AFT reactor 
AFT reactor consists of a 100 cm long, vertically orientated 110 
Pyrex glass flow tube with an internal diameter of 4.0 cm. A 
moveable stainless steel injector 146.5 cm long and internal  
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diameter 1.0 cm was inserted axially down the centre of the 
flow tube, through which a variable oxygen/nitrogen flow 
mixture was injected. In the kinetic experiments a total flow 
of 15.3 standard litres per minute (SLPM) was used which 
resulted in an average linear flow velocity of ~ 20 cm s-1 and 5 
a Reynolds number of ~ 435. The contact time was varied by 
setting the moveable injector to different positions from 14 to 
70 cm along the length of the flow tube, which was equivalent 
to a contact time of 0.9 – 3.5s. 
 The infrared detection system used in the kinetic aerosol 10 
experiments has been described in detail elsewhere. In these 
experiments the multipass long path cell used was based on a 
White Cell configuration, which operated at 16 passes ca 47.0 
± 0.9 cm pathlength and was mounted perpendicular to the 
direction of the flow. The aerosol flow crosses the infrared 15 
detection perpendicular to the multi-pass optics immediately 
prior to exiting the flow tube. Infrared spectra were acquired 
in situ using a modified commercial FT-IR Spectrometer 
(Nexus, ThermoNicolet) and the spectra were measured at a 
resolution of 4 cm-1 from the co-addition of 256 scans. In this 20 
study, experiments were performed at room temperature 
(~298 K), atmospheric pressure (1 atm) and at varying ozone 
concentrations. 
 The concentration of ozone present in the AFT experiments 
was determined from three characteristic infrared bands that 25 
were observed in the infrared spectrum of ozone. The peak 
height of the absorption band at 2123 cm-1, the peak area 
2138 − 2046 cm-1 (using a baseline 2140 − 2150 cm-1 for 
both) and area band 1072 − 991 cm-1 (using a baseline 1080 − 
970 cm-1). The average ozone concentration obtained from the 30 
analysis of these bands determined the ozone concentration in 
the AFT within 5% error. The concentrations determined from 
the infrared bands were validated by a cross calibration using 
the UV-Visble Spectrometry method previously described. In 
the aerosol kinetic experiments the ozone concentration was 35 
varied between 6 and 40 ppm with an uncertainty of 5%. 
2.4 Chemicals 
 Chemical compounds cis-stilbene (96%) and oleic acid 
(99%) were purchased from Aldrich and used without further 
purification. Ozone was generated by passing a flow of pure 40 
oxygen (BOC gases) through a commercial ozone generator 
(BMT802, BMT Messtechnik GmbH) for all of the 
experiments. The carrier gas used in all experiments was dry 
nitrogen (BOC gases Grade 0). 
3. Results and discussion 45 
3.1 Product analysis for the ozonolysis of oleic acid in 
solution. 
Infrared spectroscopy. 
 The infrared spectra for pure and ozonised oleic acid along 
with references are shown in Figure 1, and the main 50 
absorption band wavenumbers are tabulated in Table 1. For 
unreacted oleic acid, the majority of the main bands are 
associated with the vibrational modes of the aliphatic fatty 
acid. A number of studies of the ozonolysis of oleic acid have 
been reported in the literature.18, 19, 31, 32 The reaction is known  55 
 
Fig.1 A typical FT-IR Spectrum of (a) pure oleic acid in ethyl acetate, (b) 
nonanal, (c) nonanoic acid, (d) azelaic acid and (e) ozonised oleic acid in 
ethyl acetate. Spectra b-d were obtained from the NIST Chemical Web-
book. 60 
Table 1 A summary of the main IR peaks seen in the IR Spectra for oleic 
acid and ozonised oleic acid in solution with reference bands for nonanal, 
nonanoic acid and azelaic acid. 
Ozonised 
Oleic Acid 
(cm-1) 
Pure Oleic 
Acid (cm-1) 
Nonanal 
(cm-1) 
Nonanoic 
Acid (cm-1) 
Azelaic Acid 
(cm-1) 
Band Assignment 
3610-3185   3578 3102 Broad OH 
  3445   H-bonding 
 3003    Alkene 
2926/2854 2922/2851 2913 2970-2870 2938-2891 CH2 Alkane 
    2874-2781 Acid OH 
  2730   Aldehyde 
    2701-2561 Acid OH 
   1778  Carbonyl 
1740     Carbonyl Esters 
1722  1732   Carbonyl Aldehydes 
and ketones 
1709 1706   1704 Carbonyl Acids 
1463/1442 1459-1409  1466 1469-1412 CH Deformations 
  1382 1382   
1374-1331 1376-1339   1362-1346 O-H Bend 
  1307  1314/1305 C-O Stretch 
1259 1284 1283 1286 1281/1256 C-O Stretch 
1238 1246/1222   1233 C-O Stretch 
1187/1165  1179  1198 C-O-C Asymmetric 
Stretch 
1149   1138 1134 C-O-C Asymmetric 
Stretch 
  1127    
1110 1116  1106 1099  
1081-1030 1089 1069  1060  
987/950 946-911 980/949  1009/934 C-H out of plane 
deformation 
849  833   C-H out of plane 
deformation 
726 721 723 726 727 CH2 Rocking 
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Fig. 2 Mass Spectra of pure oleic acid and ozonised oleic acid. 
to proceed via the formation of a primary ozonide which 
decomposes forming stable products and Criegee 
intermediates (which further decompose) to form four primary 
stable products: nonanal, nonanoic acid, 9-oxononanoic acid 5 
and azelaic acid.19 The ozonised spectrum in Figure 1 shows 
the complete loss of the vinyl ν(CH) band with the 
concomitant formation of the bands of the primary products 
and other species. The characteristic broadening of the 
carbonyl band in the region 1740 – 1705 cm-1 has previously 10 
been attributed to ester formation.31 Larger ozonolysis 
products that have been described in the mechanism given by 
Ziemann are most likely the species contributing to the ester 
functionality seen in the infrared spectrum.19 The 
hydroperoxide functionality is also evident in the ozonised 15 
spectrum by the broad band at 3004 cm-1 and the peak seen at 
1450 cm-1 as previously seen by Minkoff for organic 
peroxides.33 These bands coupled with the ester functionality 
present in the infrared spectrum strongly suggest the 
formation of α-acyloxyalkyl hydroperoxide (AAHP) products 20 
as the main secondary species. From the infrared 
spectroscopic analysis of ozonised oleic acid it is apparent 
therefore that the major contributions are from the primary 
products accompanied by a smaller fraction from larger 
ozonolysis products which are most likely to be AAHPs. 25 
Mass spectrometry. 
 The mass spectra of pure and ozonised oleic acid are shown 
in Figure 2. The pure mass spectrum of oleic acid can be seen 
in the negative of the graph and the ozonised oleic acid 
spectrum in the positive of the graph. Both mass spectra show 30 
significant fragmentation as a result of the electron impact 
ionisation technique. The main peaks and fragments for the 
pure oleic acid spectrum are shown in Table 2.  
 In the mass spectrum of the unreacted material, the oleic 
acid parent ion (m/z 281) is absent owing to the extensive 35 
fragmentation. The peaks observed in the pure mass spectrum 
are characteristic fragments for pure oleic acid under electron 
impact. Comparison of the mass spectra obtained before and 
after ozonolysis show a distinctively different fragmentation 
pattern, confirming that new compounds have been formed. 40 
The ozonised spectrum shows the formation of both low and 
high molecular weight ozonolysis products. The low 
molecular weight products (below m/z 185) are dominant in 
the spectrum and can be attributed to the primary products as 
shown in Table 2. The higher molecular weight products are 45 
most likely from the formation of the secondary ozonolysis. 
Table 2 A summary of the possible peaks for pure and ozonised oleic 
acid. 
Ozonised 
Oleic 
Acid 
Pure 
Oleic 
Acid 
Band Assignment 
320-317  AAHP or SOZ or Diperoxides deprotonated 
 264 (CH2)7CHCH(CH2)7COOH Fragment and 
deprotonated 
258-257  Diperoxide Fragment 
(CH2)7CH(OOOO)CH(CH2)4 / AAHP 
Fragment (CH2)7CH(OOH)(O)CO(CH2)5 
243-238  Above Fragments deprotonated 
 222 (CH2)7CHCH(CH2)7 Fragment 
217  SOZ Fragment CH(OOO)CH(CH2)7COOH 
203  Diperoxide Fragment 
H3C(CH2)7CH(OOOO)CH / AAHP 
Fragment H3C(CH2)7CH(OOH)(O)CO 
201  SOZ Fragment CH(OOO)CH(CH2)7COH 
199-191  (CH2)7CH(OOOO)CH / 
H3C(CH2)7CH(OOH)(O)CO / 
CH(OOO)CH(CH2)7COH deprotonated 
187  Azelaic Acid deprotonated 
 185 (CH2)7CHCH(CH2)5 Fragment 
deprotonated 
 180 (CH2)7CHCH(CH2)4 Fragment 
176  Azelaic Acid deprotonated 
171-169  HOC(CH2)7COOH deprotonated 
151-147  C(CH2)7COOH Fragment deprotonated 
 145 (CH2)7CHCH(CH2)2 Fragment 
deprotonated 
 138 (CH2)7CHCH(CH2) Fragment 
133  C(CH2)7COH Fragment deprotonated 
131-125 132-129 (CH2)7CHCH(CH2) Fragment deprotonated 
/ C(CH2)7COH Fragment deprotonated 
 122 (CH2)7CHCH Fragment deprotonated 
111-110 111-110 (CH2)7CH Fragment deprotonated 
 99  
97-87 97-96 (CH2)7 Fragment deprotonated 
84-72 84-73 (CH2)6 Fragment deprotonated 
70-60 70-68 (CH2)5 Fragment deprotonated 
59-58 58  
55 56 (CH2)4 Fragment deprotonated 
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Table 3 A summary of the main IR peaks seen in the IR Spectra for a binary mixture before and after ozone addition in solution, thin film and aerosol 
phase with reference peaks for pure and ozonised oleic acid and stilbene. 
Mixed 1:1 
(cm-1) 
Ozonised 
Mixed 1:1 
(cm-1) 
Stilbene Pure 
(cm-1) 
Stilbene 
Ozonised  
(cm-1) 
Oleic Acid 
Pure (cm-1) 
Oleic Acid 
Ozonised  
(cm-1) 
Mixed ATR 
(cm-1) 
Ozonised 
Mixed ATR 
(cm-1) 
Mixed 
Particle (cm-1) 
Ozonised 
Mixed 
Particle (cm-1) 
Band Assignment 
 3650-3310  3685-3140  3610-3185  3600-3185  3460-3175 Broad OH 
  3144        Vinyl v(C-=CH) 
3082-3025  3098-3010 3016-3038   3101-3024 3101-3024 3089-3023 3095-2012 Aromatic C-H Stretch 
3007    3003  3008  3005  Alkene 
2954-2854 2954-2837   2922-2851 2926-2854 2955-2853 2925-2854 2920-2851 2924-2853 CH2 Alkane 
  2905        Alkyl v(CH) 
   2841      2805/2731 Aldehyde 
 2676  2672-2544   2672    Carboxylic Acid H-bonded v(OH) 
  1942-1805    1945-1802 1949-1803   Aromatic Overtones/Combinations 
  1752   1740  1739  1746 Carbonyl Aliphatic Esters 
 1731        1731 Carbonyl Aliphatic Aldehydes 
   1725  1722    1724 Carbonyl Aliphatic Aldehydes/ Aromatic 
Esters 
 1714        1718 Carbonyl Aliphatic Ketones 
1709 1710  1702 1706 1709 1710 1711 1708  Carbonyl Aromatic Acids and Aldehydes / 
Aliphatic Acids 
   1689       Carbonyl Aromatic Acids and Ketones  
1600-1412 1602-1400 1598-1402 1602-1419 1459-1409 1463-1442 1601-1411 1601-1415 1461-1410 1600-1456 Aromatic Ring Modes / CH Deformations 
1376 1374  1373 1376 1374 1373 1377   O-H Bend 
 1317  1319 1351/1339 1349/1331 1358 1345 1317 1315 O-H Bend 
1283   1290 1284  1282  1285  C-O Stretch 
1260   1267  1259    1266 C-O-C Antisymmetric Stretch 
1219 1230  1245/1212 1246/1222 1238 1240 1246 1245/1223  C-O Stretch 
       1202  1207 C-H bending in plane 
 1177 1179/1155 1177  1187/1149 1182/1152  1180 1173 C-O Stretch 
1093 1111  1087 1116/1089 1110 1116/1094 1089  1089 C-O Stretch 
 1075 1072   1081 1074  1071 1063 C-H bending in plane 
 1044  1052  1042     C-O-C Symmetric Stretch 
 1025 1026 1024  1030 1030 1028   C-H bending in plane 
  1000-981 1002  987  1002   Mono-substituted benzene ring 
 956  950 946 950  953  957 C-H out of plane deformations 
940-801 940-854 922-861 937-922 935-911  938-862 925-862 925-859 920 Mono-substituted benzene ring / C-H out 
of plane deformations 
  840-807 842-800  849 845-809 845-808  830-819  
782-751  777-731 757   780-752 780-752 777 758-742 Aromatic out of plane C-H bend 
725    721 726 724 724 725  CH2 Rocking 
697 714 692 710-693   697 699 714-699 696 Aromatic out of plane C-H bend 
Fig. 3 A typical FT-IR Spectrum of (a) pure stilbene, (b) pure oleic acid, 
(c) a pure 1:1 mixture, (d) ozonised stilbene, (e) ozonised oleic acid and 
(f) ozonised mixture. 5 
 
products such as the diperoxides, secondary ozonides (SOZ) 
and AAHP species. On the basis of the infrared spectroscopic 
evidence, it can be concluded that the mass spectral signatures 
which occur above those of the pure oleic are dominated by 10 
fragments of AAHP species. 
3.2 Product analysis for the ozonolysis of the binary mixture 
in solution. 
Infrared spectroscopy. 
 The infrared spectra for stilbene, oleic acid and the binary 15 
mixture before and after ozone addition are shown in Figure 3, 
and the main absorption bands are tabulated in Table 3. The 
spectrum of the binary mixture before ozone addition is 
essentially a combination of the stilbene and oleic acid as 
expected. All bands seen for the mixed spectrum are attributed 20 
to either pure stilbene or pure oleic acid. The majority of the 
fine structure for all spectra can be seen in the region 1900 to 
600 cm-1, therefore this region is shown expanded in Figure 4. 
As a comparison, the infrared spectrum of stilbene and oleic 
acid ozonised independently and added together in software is 25 
shown in Figure 4a. The spectrum of the ozonised binary 
mixture shown in Figure 4b has clear similarities, the main 
characteristic bands present in the ozonised binary mixture 
being the O-H bending modes (1375 – 1315 cm-1), the C-O 
stretching modes (1285 – 1090 cm-1) and the band at 1260 cm-30 
1 from a species with C-O-C moiety. The resonances in the 
carbonyl band region are strongly overlapped, giving a  
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Fig. 4 A typical FT-IR Spectrum of co-added ozonised stilbene and 
ozonised oleic acid in ethyl acetate (black) and ozonised mixture in ethyl 
acetate (grey) between 1900 and 600 cm-1 
broad and unstructured band from the binary mixture. This is 
in contrast to that seen previously for pure oleic acid (three 5 
overlapping bands) and stilbene (two overlapping bands), and 
it can be seen from Figure 4 that this broad carbonyl band is 
not accurately reproduced in the artificially summed 
spectrum. The distinctive broad bands observed in the regions 
1310 – 1140 cm-1 and 1140 – 995 cm-1 of the ozonised binary 10 
mixture are substantially more intense in comparison to those 
for the single component systems. The sharp bands seen at 
1230 cm-1 and 1045 cm-1 in the ozonised binary mixture are 
absent from the single systems. It is therefore plausible that 
these additional peaks are the result of oxygenated products 15 
forming via additional association reactions that can not occur 
in the single component systems.  
 Previous infrared spectroscopic analysis of ozonised 
stilbene and oleic acid concluded that the major contributions 
were from the primary products. The ozonised binary 20 
spectrum also possesses strong evidence for the formation of 
the primary products, specifically nonanal, nonanoic acid, 9-
oxononanoic acid, azelaic acid, benzaldehyde and benzoic 
acid. However, the characteristic broad carbonyl and 
hydroperoxide bands seen at 3400 cm-1 and around 1400cm-1 25 
have previously been attributed to the formation of AAHP 
species in the single component systems and appropriate 
resonances are also seen in the binary mixture spectra.   
 
 30 
Fig. 5 Mass Spectra showing ozonised binary mixture and ozonised 
stilbene. 
Fig. 6 Mass Spectra showing ozonised binary mixture and ozonised 
oleic acid. 
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Table 4 Table of possible peaks for pure and ozonised stilbene, oleic acid and the binary mixture. 
Ozonised 
Mixed 1:1 
Pure Mixed 
1:1 
Stilbene 
Ozonised 
Stilbene 
Pure 
Oleic Acid 
Ozonised 
Oleic Acid 
Pure 
Band Assignment 
    320-317  Oleic Acid Secondary Products deprotonated 
 264    264 Oleic Acid Fragment 
258-257  258-257  258-257  Oleic Acid Secondary Products Fragment and deprotonated 
245      Cross Product Fragment deprotonated (CH2)7CH(OOO)CH(C6H5) 
244    244  Oleic Acid Secondary Products Fragment and deprotonated 
  243    Stilbene Secondary Products deprotonated 
242  242  242  Oleic Acid  and Stilbene Secondary Products Fragment and deprotonated 
240      Cross Product Fragment deprotonated (CH2)7CH(OOO)CH(C6H5) 
238  239-238  239-238  Oleic Acid  and Stilbene Secondary Products Fragment and deprotonated 
 222    222 Oleic Acid Fragment 
    217  Oleic Acid Secondary Products Fragment and deprotonated 
    203  Oleic Acid Secondary Products Fragment and deprotonated 
    201  Oleic Acid Secondary Products Fragment and deprotonated 
    199  Oleic Acid Secondary Products Fragment and deprotonated 
195  195    Stilbene Secondary Products Fragmented deprotonated  
194/191    194/191  Oleic Acid Secondary Products Fragment and deprotonated 
193-190      Cross Product Fragment deprotonated (CH2)3CH(OOO)CH(C6H5) / 
(C6H5)CH(OOOO)CH(CH2)2 / (C6H5)CH(OOH)(O)CO(CH2)2 
189  189    Stilbene Secondary Products Fragmented deprotonated 
188      Cross Product Fragment deprotonated (CH2)3CH(OOO)CH(C6H5) / 
(C6H5)CH(OOOO)CH(CH2)2 / (C6H5)CH(OOH)(O)CO(CH2)2 
  187  187  Stilbene Secondary Products Fragmented deprotonated / Azelaic Acid deprotonated 
 185    185 Oleic Acid Fragment deprotonated 
 181-180  181-180   Stilbene Parent Ion and Isotope 
 178  178-177   Stilbene deprotonated 
176/168  176/168  176  Stilbene Secondary Product Fragment / Azelaic Acid Fragment 
 165  174-165   Stilbene deprotonated 
    171-169  Oleic Acid Primary Product Fragment deprotonated 
151-147 151 151-147 151-147 151-147  Stilbene deprotonated / Stilbene Secondary Fragment deprotonated / Oleic Acid Primary 
Product Fragment 
 145/138    145/138 Oleic Acid Fragment deprotonated  
  134    Stilbene Secondary Product Fragment deprotonated 
133/131    133/131/129  Oleic Acid Primary Product Fragment deprotonated 
 132-129/122    132-129/122 Oleic Acid Fragment Deprotonated 
 111-110 100  111-110/100 111-110 (CH2)7CH Fragment deprotonated 
101  101 101   Stilbene Fragment deprotonated / Benzaldehyde deprotonated  
 97-96   97/87 97-96 (CH2)7 Fragment deprotonated 
86  86    Stilbene Primary Products Fragment deprotonated 
 84-81   84-80 84-81 (CH2)6 Fragment deprotonated 
77-71 75-73 77-72 76-75 77-72 75-73 (C6H5) Fragment deprotonated/ (CH2)6 Fragment deprotonated  
 70-68   70 70-68 (CH2)5 Fragment deprotonated 
63  64-60  64-60  (CH2)5 Fragment deprotonated / )C5H4) Fragment deprotonated 
59-58 58   59-58 58  
55 55   55 56 (CH2)4 Fragment deprotonated 
 
Mass Spectrometry 
 The mass spectra for the ozonised binary mixture are 
compared with ozonised stilbene and ozonised oleic acid in 5 
Figure 5 and Figure 6 respectively. In both figures the 
ozonised mixture is shown in the positive of the graph and the 
ozonised single component in the negative. As discussed 
previously, the spectra shown significant fragmentation. The 
main peaks and fragments for the pure and ozonised mass 10 
spectra of the mixture, stilbene and oleic acid are given in 
Table 4. The mass spectrum for the binary mixture before 
ozone addition is essentially a combination of stilbene and 
oleic acid fragments as expected. As with the single 
component systems the ozonised mixture mass spectrum had a 15 
distinctively different fragmentation pattern to that seen 
before ozone addition thus confirming that the stilbene and 
oleic acid in the mixture had completely reacted.  
 The spectra displayed in Figure 5 and Figure 6 show 
contributions from low and high molecular weight species 20 
with strong similarities to both individually ozonised 
components. On this basis, it can be concluded that the main 
products are still the oleic acid and stilbene primary products 
with a smaller contribution from secondary species. 
 Analysis of the secondary fragments present in the ozonised 25 
mixed spectrum shows a significant contribution from 
secondary compounds formed from cross-reactions between 
oleic acid and stilbene ozonolysis species as well as the 
expected stilbene and oleic acid products. Previous analysis of 
the single component systems has suggested that AAHP 30 
species are the most dominant secondary product formed 
during the ozonolysis reaction with a smaller contribution 
from SOZ and diperoxides. Taking these observations into 
consideration it is extremely likely that the same correlation 
of secondary products will be seen for the cross species. 35 
Cross-AAHP products are produced from the reaction of the 
stabilised Criegee intermediate of one of the single 
components and the acid produced from the other component 
as shown in Scheme 1, 2 and 3. Similarly the SOZ species 
produced from the cross reactions of the Criegee intermediate 40 
and aldehyde as shown in Scheme 4, 5 and 6. Finally the 
diperoxides formed from the association of two Criegee 
intermediates as shown in Scheme 7 and 8. Owing to the 
extreme likelihood that the AAHP species are produced 
during the ozonolysis reaction, fragments will only be 45 
considered from these species for simplicity. The peak seen at 
m/z 193 can be attributed to aliphatic chain fragmentation of 
all the AAHP species shown in Scheme 1-3. The subsequent 
deprotonation of these fragments produces the corresponding 
peaks at m/z 192, 191, 190 and 188. 50 
 In summary, the bulk phase experiments allow for both 
major and minor products to be qualitatively determined. The  
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Scheme 1 Reaction for the formation of AAHP A. 
 
Scheme 2 Reaction for the formation of AAHP B. 
 5 
Scheme 3 Reaction for the formation of AAHP C. 
 
Scheme 4 Reaction for the formation of SOZ A. 
 
Scheme 5 Reaction for the formation of SOZ B. 10 
Scheme 6 Reaction for the formation of SOZ C. 
 
 
 
Scheme 7 Reaction for the formation of Diperoxide A. 15 
 
Scheme 8 Reaction for the formation of Diperoxide B. 
most dominant products were the primary ozonolysis products 
of stilbene and oleic acid. Smaller contributions could be 
assigned to the formation of secondary products formed 20 
association reactions of the stabilised Criegee intermediate 
with other products. It seems likely therefore that the majority 
of the secondary species formed are again AAHP products 
from single components, but in this case also produced from 
cross-reactions. 25 
 
3.3 Infrared spectroscopy of the ozonolysis reaction of a 
mixture in a thin film. 
Fig. 7 Typical ATR-FTIR spectra for a thin film binary mixture at 4ppm 
of ozone exposed at (a) 0 minutes, (b) 30 minutes and (c) 60 minutes. 30 
The ATR-IR spectra for the pure and ozonised binary mixture 
are shown in Figure 7 and the main absorption band 
wavenumbers are tabulated in Table 3. The infrared spectra 
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for the binary mixture before ozone addition in the bulk (see 
Figure 3c) and the thin film are identical. The only slight 
variation between the two spectra is the band intensities which 
are significantly stronger in the film experiments owing to the 
higher concentration of solution used. 5 
 The infrared spectrum for the film after 30 minutes of 
ozone addition at 4 ppm displays features that can be 
attributed to both reactants and products. Comparison of the 
intensities of the reactant bands before ozone addition and 
after 30 minutes of ozone addition confirm the progression of 10 
the ozonolysis reaction as both the alkene (oleic acid) band 
and the out of plane H-bend (stilbene) band have decreased 
significantly. The relative decrease of the oleic acid and 
stilbene reactant bands are significantly different which 
implies more oleic acid than stilbene is being consumed. The 15 
additional features observed in Figure 7b are key bands which 
are characteristic of oxygenated products. These consist of the 
O-H stretch in the region 3600 – 3215 cm-1, the broad 
carbonyl band in the region 1790 – 1675 cm-1, the O-H 
bending modes between 1370 – 1320 cm-1 and C-O stretching 20 
bands seen in the region 1285 – 1200 cm-1. 
 The spectrum shown in Figure 7c is for the mixed system 
after 60 minutes of ozone addition. The absence of the alkene 
band in this spectrum implies that the oleic acid reaction has 
reached completion. The small contribution from stilbene 25 
suggests that this reaction has not reached completion. The 
previously described product bands were seen to increase 
significantly in intensity. Additionally a broad O-H stretch 
can be seen between 3600 – 3215 cm-1 from the overlapping 
of different O-H species. The broad carbonyl band that had 30 
previously been described contains two distinct overlapping 
bands at 1740 cm-1 and 1710 cm-1 which can be attributed to 
species with aldehyde, acid and ester functionality. The 
product bands seen at 1245 cm-1 and 1000 cm-1 are most likely 
the antisymmetric and symmetric modes of a C-O-C species. 35 
The ester functionality coupled with the antisymmetric and 
symmetric stretches again suggests the formation of secondary 
ozonolysis products. 
 The bands present in the infrared spectra of the mixed film 
and single component systems are tabulated in Table 3. It is 40 
apparent that the ozonised mixed film spectrum has a more 
significant contribution from the oleic acid ozonolysis 
products, compared to a much smaller contribution from the 
stilbene primary products. The overall distribution of the oleic 
acid and stilbene primary products present in the ozonised 45 
mixed infrared spectrum can be attributed to the progression 
of the ozonolysis reaction specifically the completion of the 
oleic acid reaction. This infrared spectroscopic evidence 
supports the assertion that there is little cross-reaction because 
the oleic acid and stilbene react at different time, since for 50 
cross-reactions to occur the two materials must form 
intermediates at the same time which is clearly not the case in 
the mixed film. Possible reasons for this behaviour will be 
discussed later. 
 55 
3.4 Infrared spectroscopy of the ozonolysis reaction of a 
mixture in the aerosol phase. 
 In the aerosol phase, oleic acid particles are formed initially  
Fig. 8 Typical FT-IR spectra for an aerosol experiment exposed at 33 
ppm of ozone (a) pure oleic acid, (b) mixed particles, (c) ozonised mixed 60 
particles after 0.9 seconds and (d) ozonised mixed particles after 1.8 
seconds. 
in these experiments by a homogeneous method and 
subsequently coated with stilbene in order to form the mixed 
particle. The infrared spectra for pure oleic acid particles, 65 
coated particles and ozonised mixed particles are shown in 
Figure 8. The sloping baselines to high wavenumber are due 
to Mie scattering as the size of the particles generated is 
similar to the wavelength of the infrared radiation. The oleic 
acid infrared spectrum shows the same vibrational bands 70 
corresponding of the aliphatic fatty acid seen in both solution 
and thin films. The infrared spectrum of the mixed particls has 
contributions from both oleic acid (aliphatic fatty acid bands) 
and stilbene (aromatic bands), again similar to that previously 
seen in the solution and thin film mixed spectra. The ozonised 75 
particle spectra again shows the characteristic bands of 
species with aromatic, aliphatic chain and oxygenated 
functionalities. The broad O-H stretch seen in the region 3460 
– 3175 cm-1 can be attributed to the overlapping of various 
species with O-H functionality. It is apparent that aldehyde 80 
and acid species are present from the characteristic bands seen 
at 2805 cm-1 and 2730 cm-1. A broad carbonyl band in the 
region 1765 – 1685 cm-1 contains four distinctive overlapping 
peaks at 1746 cm-1, 1731 cm-1, 1724 cm-1 and 1718 cm-1 
which coincide to species with ester, aldehyde, ketone and 85 
acid functionalities. Additional O-H bending and C-O 
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stretching features are also evident in the ozonised spectrum 
however the exact species contributing to these bands can not 
be definitively determined. Evidence of secondary product 
formation is also apparent from the anti-symmetric stretch 
seen at 1266 cm-1 corresponding to species with C-O-C 5 
moieties. The evidence of C-O-C species in conjunction with 
the ester carbonyl band would suggest that the secondary 
products formed are AAHP species.  
 Comparison of the main infrared bands for the ozonised 
mixed particle with that seen for ozonised oleic acid and 10 
ozonised stilbene are shown in Table 3. The main 
contributions in the mixed spectrum are from the formation of 
oleic acid and stilbene primary products. Previous ozonolysis 
experiments of stilbene-coated ammonium sulfate particles 
concluded that during the reaction the benzoic acid partitioned 15 
from the particle phase to the gas-phase coating the AFT.27 In 
the binary mixture, it is apparent that the benzoic acid remains 
in the particle phase (in fact there was no evidence for any of 
the reactants or products coating the inside of the AFT). The 
presence of secondary products is also evident in the binary 20 
mixture which was not seen previously for the pure stilbene 
aerosol system. Unfortunately, the infrared technique utilised 
in the experiments does not allow for the exact composition of 
these secondary products to be determined.  
 25 
3.5 Comparison of infrared spectra of ozonised mixtures in all 
three phases. 
 A comparison of the infrared spectra from the mixed 
ozonised material in all three phases is shown in Figure 9 and 
the main absorption band wavenumbers compared in Table 3. 30 
As previously discussed, all ozonised spectra contain the 
characteristic bands of aliphatic chains and aromatic species. 
The main differences between the spectra correspond to the 
oxygenated species formed.  
 In the solution spectrum (see Figure 9a) an additional five 35 
broad bands are present each containing fine structure 
corresponding to the products formed. The broad features are 
in the regions 3610 – 3185 cm-1, 1795 – 1625 cm-1, 1470 – 
1330 cm-1, 1330 – 1135 cm-1 and 1135 – 935 cm-1. Within 
these regions are characteristic oxygenated vibrational bands 40 
specifically O-H stretching modes, carbonyl modes, O-H 
bending and C-O stretching modes from various species 
producing the overlap of the features. Evidence from the 
infrared analysis implies that the oxygenated species present 
contain aldehyde, alcohol, acid and ester functionalities. The 45 
primary products of oleic acid and stilbene are the most 
dominant species present in the ozonised spectrum with a 
smaller contribution from secondary ozonolysis products 
which are most likely to be the AAHP products.  
 The ozonised film spectrum (shown in Figure 9b) possesses 50 
only two of the broad features seen in the solution phase in 
the regions 3600 – 3215 cm-1 and 1780 – 1680 cm-1. These 
bands correspond to species with acid, alcohol, aldehyde and 
acid functionalities. The contribution from oleic acid products 
in the thin film are significantly larger than that seen for the 55 
stilbene products. The proposed phase separation of the 
components in the mixture prevents the stilbene from reacting 
until the oleic acid reaction has reached completion.  
Fig. 9 A typical FT-IR spectra for ozonised mixture in (a) bulk phase, (b) 
thin film and (c) aerosol phase.  60 
This will result in the formation of oleic products initially 
followed by the formation of stilbene products. As the stilbene 
reaction had not reached completion the amount of stilbene 
products formed will be significantly smaller than that seen 
for oleic acid. Evidence from the infrared analysis confirms 65 
the presence of both primary and secondary ozonolysis 
products.  
 The aerosol phase spectrum (see Figure 9 c) contains three 
of the broad bands described in the solution phase spectrum 
and can be seen in the regions 3460 – 3175 cm-1, 1765 – 1690 70 
cm-1 and 1125 – 935 cm-1. These bands can be attributed to 
acid, aldehyde, alcohol, ketone and ester functional species 
being formed in the reaction. Further analysis concluded that 
the main contributions are from the primary products of 
stilbene and oleic acid with a smaller contribution from 75 
secondary species.  
 Comparison of the ozonised spectrum shows that although 
the product distribution is similar the contributions from each 
component can vary. The most dominant species are the 
primary products with a smaller contribution from secondary 80 
products. From a qualitative perspective in the solution phase 
equal amounts of stilbene and oleic acid primary products are 
present. The secondary products in the solution phase suggest 
that accompanying the traditional secondary formation 
reactions within each components reaction mechanism are 85 
cross reactions to form additional larger products. In the thin 
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film the oleic acid products dominate with smaller 
contributions from the stilbene products. The probability of 
cross products forming in the thin film is highly unlikely as 
the ozonolysis reactions of the components do not occur 
simultaneously. In the aerosol phase the stilbene and oleic 5 
acid contributions are similar in magnitude for the primary 
products. Secondary products are also seen however the type 
can not be definitely determined from infrared analysis.  
3.6 Kinetics of the ozonolysis of the binary mixture. 
Aerosol Kinetic Study. 10 
 The particles generated during the course of the aerosol 
experiments were characterised using the TOPAS particle size 
analyser before entering the AFT. The size and concentration 
were determined (as seen in Table 5) assuming that perfectly 
spherical particles were formed. On entering the AFT the 15 
particles were diluted by the additional sheath flow. For the 
mixed particles the number density in the AFT was 1.5 x 10-5 
cm-3 which equated to a stilbene and oleic acid concentration 
of 7.3 x 1013 molecules cm-3 and 1.1 x 1014 molecules cm-3 
respectively. 20 
Table 5 Size and concentration of aerosol particles for AFT experiments. 
The concentration given is of the particles before entering the AFT. 
Type Particle Size 
( µm) 
Concentration 
(P/cm3) 
Oleic Acid 0.9 ± 0.07 7.3 ± 0.8 x106 
Coated Particle 1.0 ± 0.09 7.5 ± 0.4 x 106 
Coating 
 
0.1 ± 0.04 - 
 
 In previous kinetic studies using infrared spectroscopy, the 
rate of reaction of oleic acid has been followed via the alkene 25 
ν(CH) mode whereas for stilbene the characteristic aromatic 
δ(CH) out-of-plane has been used.26, 28 In this case however, 
the key oleic acid band is obscured to a large extent by the 
aromatic and alkene ν(CH) modes of stilbene, compounded by 
poor signal-to-noise ratio and sloping baseline (Mie 30 
scattering) in the aerosol spectra therefore prevents the loss 
kinetics of oleic acid from being reliably followed for the 
mixed aerosol experiments. [NB. it is possible in some cases 
to follow the loss of oleic acid through the carbonyl band, 
although this procedure is complicated by the overlapping 35 
carbonyl modes of many of the products. In this case, the 
additional presence of the carbonyl modes of stilbene products 
in the same region eliminates this possibility completely]. The 
loss of the δ(CH) out-of-plane mode of stilbene at 780 cm-1 
during the course of the reaction is shown in Figure 10. In 40 
order to eliminate the effect of fluctuations in particle size, the 
data were normalised to the integrated intensity of the alkyl 
chain modes of the oleic acid and its products, a quantity that 
has been shown to remain constant during pure oleic acid 
ozonolysis and for which there is no overlap with stilbene or 45 
its ozonolysis products.26, 27 
 For the mixed aerosol system, kinetic experiments were 
carried out at ozone concentrations ranging between 6 and 40  
 
Fig. 10 A typical FT-IR spectrum for mixed aerosol particles exposed at 50 
33 ppm of ozone for (a) 0 seconds before coating, (b) 0 seconds after 
coating, (c) 0.9 seconds, (d) 1.4 seconds, (e) 1.6 seconds and (f) 2.2 
seconds.  
ppm, which equates to a concentration range of 1.7 – 9.0 x 
1014 molecules cm-3. A crude comparison of the molecular 55 
concentration of ozone, stilbene and oleic acid in the 
experiments demonstrates that ozone was in excess for all 
experiments, thus allowing for the kinetics to be treated as 
pseudo first order. It should be noted that because of the 
minimum distance between the gas/aerosol contact point and 60 
the spectroscopic probe region, approximately 60% of the 
stilbene had been consumed at the lowest contact time for all 
the aerosol. This prevents the initial stages of the kinetics 
from being studied consequently means that the kinetics are 
obtained in the fall-off region. This is a direct result of 65 
limitations in the AFT apparatus when applied to relatively 
fast gas/aerosols reactions.  
 The method whereby the necessary kinetic information is 
extracted from infrared spectra as a function of gas/aerosol 
contact time has been described in detail elsewhere.27 A range 70 
of scenarios for the uptake of gases by aerosol particles are 
described in the literature. For fast reactions (i.e. such as the 
ozonolysis of stilbene and liquid oleic acid aerosols), there are 
two simple scenarios to be considered, one in which a purely 
surface reaction occurs and one in which the reaction occurs 75 
within a finite shell of the aerosol (dictated by the reacto-
diffusive length).17 A significant problem that has been  
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Fig. 11 A plot of m1a vs. partial pressure of ozone for a diffusion limited 
reaction. 
highlighted by Smith et al.17was that the reactions occurring 
are most likely taking place in the bulk and on the surface 
simultaneously. Extracting the relative contributions from 5 
each process is extremely difficult. In kinetic studies of 
reactions on liquid-like aerosols, this means that the data must 
be analysed under both scenarios in order to ascertain the best 
correlation. In both scenarios, the pseudo first order rate 
constants obtained from the kinetic aerosol experiments are 10 
related to the ozone particle pressure in a well-defined 
manner. A detailed discussion of this treatment for stilbene 
ozonolysis is given in Wamsley et al.28, in which the slopes of 
([X](t)/[X]0)0.5 or ln([X](t)/[X]0) are plotted against time to 
obtain in each case a slope from a linear least-squares fit 15 
(denoted as m1a and m1b respectively). In each case, these 
parameters can then be plotted against the concentration of 
ozone. The slopes of the resulting graphs can then be further 
related to the reactive uptake coefficient γ.  
 The pseudo-first order paramaters m1a and m1b for the 20 
diffusion limited and surface reaction cases as a function of 
ozone concentration are plotted in Figure 11 and 12 
respectively. The slopes of these graphs (m2a and m2b) 
obtained by linear least-squares fitting are m2a = 8388 ± 584 
s-1 atm-1 for a diffusion-limited reaction and m2b = 39827 ± 25 
6785 s-1 atm-1 for a predominantly surface reaction. It should 
be noted that the errors associated with the gradients m2a and  
Fig. 12 A plot of m1b vs. partial pressure of ozone for a surface limited 
reaction. 
m2b are obtained from the linear regression.  30 
 In the diffusion limited case the reactive uptake coefficient 
γ extracted from the loss of stilbene is related to m2a via:  
02 ][3
R8 Stilbeneam
c
T
a=γ   (1) 
where R is the gas constant, T is the temperature of the system 
(298 K), c  is the mean molecular speed of ozone (360 m s-1), 35 
a is the particle radius (5.1 x 10-7 m) and [Stilbene]0 is the 
initial concentration of stilbene (5.61 mol L-1). Using the 
value of m2a above, a value for γ of (4.4 ± 0.3) x 10-3 is 
obtained. Similarly, the γ-value for a surface limited reaction 
is obtained from: 40 
02 ][3
R4 Stilbeneam
c
T
b=γ   (2) 
where the terms have the same definitions as in equation 1. 
Using these values and the value of m2b calculated above, a 
value for γ of (10.0 ± 1.8) x 10-3 is obtained. 
 45 
Thin film Kinetics. 
 A somewhat paradoxical result is obtained when the 
evolution of the characteristic bands of stilbene are monitored 
in the mixed thin film reaction. Initially, the intensity of the  
 50 
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Fig. 13 ATR-FTIR spectra of a binary mixture reaction at 4 ppm showing 
the decrease of the alkene band (3004 cm-1). 
band used to monitor stilbene concentration increases upon 
exposure to ozone. For this reason only the oleic acid reaction 
will be quantified in the thin film. In this configuration, 5 
substantially more material is sampled by the infrared probe 
with the effect of a vastly improved signal-to-noise ratio in 
the spectra, This permits the loss in intensity of the oleic acid 
vinyl  ν(CH) band at 3004 cm-1 to be quantified (albeit on a 
sloping baseline). This is shown in Figure 13. In order to 10 
quantify the oleic acid loss during the course of the 
experiments the alkene band was integrated between 3020 cm-
1 and 2991 cm-1. 
 In the thin film experiments the concentration of oleic acid 
molecules at the surface of the film was determined as being 15 
1.0 x 1014 molecules. The concentration of ozone used in the 
experiments was varied between 6 and 25 ppm which equated 
to a concentration of 1.5 – 6.3 x 1014 molecules cm-3 of ozone. 
The relative concentrations of the reactants confirm that ozone 
was in excess during the reactions. This means that the 20 
reaction can be described as a pseudo first order reaction with 
respect to ozone thus allowing for the rate of oleic acid loss to 
be quantified by a similar method as that previously seen for 
the single component systems.26, 27                                                                               
 The graphical representation of the kinetic data showed a 25 
distinctive curvature that has previously been seen in both 
oleic acid and stilbene thin films and has been determined as 
being a result of the optics underlying the ATR technique.26 A 
model has been constructued which convolves the evanescent 
wave intensity per nm layer thickness above the interface with 30 
a pseudo first order decay of the absorbance band. This model 
produces an identical curvature thus confirming that the shape 
of the logathrimic decay is a direct result of optical effects. 
The resulting modelled pseudo-first order rate constants k1’ 
for the various ozone concentrations used in the experiment 35 
are shown in Table 6. A graphical representation of the 
pseudo-first order rate constants as a function of ozone partial 
pressure can be seen in Figure 14.  The gradient of linear 
relationship yields the second order rate constant as 55.8 ± 5.5 
s-1 atm -1 for oleic acid in the binary mixture, where the error 40 
is given at the 1 σ level from the linear regression fit. 
Table 6 Modelled pseudo first order rate constants for varying ozone 
concentrations from ATR film study. 
[O3] (ppm) k1’ (s-1) 
4 
8 
12 
16 
20 
0.67x10-3 
0.80x10-3 
1.13x10-3 
1.40x10-3 
1.50x10-3 
Fig. 14 Second order rate plot of modelled k1’ vs. [O3] for ATR film 
study. 45 
 In the single component systems the ozonolysis reaction 
was assumed to be dominated by a surface reaction and the 
corresponding reactive uptake coefficient was calculated 
using a surface only process as per Hung and Ariya.34 The 
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reactive uptake coefficient for the binary thin film will 
therefore be modelled using the same procedure and 
quantified using equation 3. 
][4 2 OleickS
V
c
RT
A
=γ                                                     (3) 
where T is the temperature, c is the mean molecular speed of 5 
ozone, V is the volume of the film, SA is the surface area of the 
film, k2 is the second order rate constant and [Oleic] is the 
concentration of oleic acid. For the film experiment the 
volume to surface area ratio (i.e. the film thickness) is 
calculated to be 1245 nm based on the assumption of a 10 
uniform film covering the entire surface of the crystal (5.6 
cm2). The mean molecular speed of ozone is 360 m s-1 and the 
temperature is taken as room temperature (298 K). The [Oleic] 
is determined as 3.17 mol L-1 based on both the density of 
oleic acid (0.895 g cm-3) and the molar mass (282 g mol-1). 15 
The second order rate constant determined from Figure 14 is 
used to calculate the reactive uptake coefficient. For a second 
order rate constant of 55.8 ± 5.5 s-1 atm -1, a reactive uptake is 
γ = (6.8 ± 0.7) x 10-5. The error associated with the reactive 
uptake is calculated using the error obtained from the second 20 
order rate constant. 
 
Comparison of reactive uptake coefficients.  
 The overlap of spectral features compounded by poor 
signal-to-noise ratio prevented the simultaneous monitoring of 25 
the loss of both species in the aerosol phase, with the most 
accessible component being stilbene. A direct comparison can 
however be made between the kinetics in the binary system as 
compared to stilbene on a core ammonium sulfate aerosol. For 
the diffusion limited scenario the uptake coefficient for 30 
stilbene in a single and mixed system was 1.5 x 10-3 28 and 4.4 
x 10-3 respectively. Similarly for the surface only case the 
uptake for the single and mixed system was 5.3 x 10-3 28 and 
10.0 x 10-3 respectively. The enhanced rate of reaction (which 
is greater by about a factor of two) observed for the mixed 35 
aerosol system can be attributed to the type of substrate 
utilised. In the single component system an inert core was 
selected in order to directly probe the kinetics of the pure 
stilbene. The mixed system however uses a reactive oleic acid 
core which can undergo oxidation with ozone. Product 40 
distributions obtained for the mixed aerosol system concluded 
that secondary products were formed during the 
heterogeneous oxidation of the particles. In contrast, the 
ozonised single component system in the aerosol phase 
displayed no contributions from larger ozonolysis products.27 45 
Taking this into consideration, the increased reaction rate of 
stilbene in the mixed system is most likely the result of 
secondary reactions between oleic acid and stilbene products. 
 In the thin film, the intensity of the stilbene band was seen 
to increase upon ozone exposure which resulted in only the 50 
heterogeneous loss of oleic acid being quantified. This 
observation was attributed to the segregation of the organic 
components within the binary film. This suggestion was 
further supported by the physical characteristics specifically 
the density of the oleic acid (0.891 g cm-3) and stilbene (1.011 55 
g cm-3) components. As in the aerosol study, a direct 
comparison can be made between the kinetics obtained for the 
ozonolysis reaction of oleic acid in a pure and binary film. 
The corresponding reactive uptake coefficients were (7.5 ± 
2.7) x 10-5 33 and (6.8 ± 0.7) x 10-5 in the pure and binary film 60 
respectively. The lack of variation between the results was not 
surprising given the segregation of the organic components 
within the mixed film, which will result in the heterogeneous 
reaction of oleic acid being considered as that of pure oleic 
acid.  65 
4. Conclusions 
 The first kinetic study of the ozonolysis of a binary mixture 
containing stilbene and oleic acid both as a thin film 
supported on a ZnSe ATR and on aerosol have been 
undertaken. The FTIR method adopted allowed for monitoring 70 
of the oleic acid by loss of the olefinic C-H stretching band in 
the film study and the loss of the stilbene in the aerosol phase 
by the out of plane C–H bending band. As with previous work 
the kinetics were modelled in the aerosol phase using two 
simple cases, one in which the reaction occurs within a finite 75 
shell of the aerosol (dictated by the reacto-diffusive length) 
and the other for a purely surface reaction.17, 28 Realistically 
the bulk and surface reactions most likely occur 
simultaneously within the particle however extracting the 
contributions from each process has proven extremely 80 
difficult.17 This has resulted in assumptions being made 
regarding the dominant process in order to obtain reactive 
uptake coefficients. Previous work by Wamsley et al.28 
concluded that both mathematical representations associated 
with the limiting cases could represent the kinetics to the 85 
same degree of accuracy. In the mixed aerosol system the 
same conclusion was drawn which resulted in the reactive 
uptake being calculated for both scenarios. For the mixed 
aerosol size distribution utilised in these experiments, the 
reactive uptake coefficients obtained for stilbene in the 90 
presence of oleic acid were (10.0 ± 1.8) x 10-3 assuming a 
surface reaction and (4.4 ± 0.3) x 10-3 for a reaction limited by 
diffusion. This implies that the stilbene ozonolysis reaction in 
the presence of oleic acid is substantially faster than that for 
pure stilbene aerosol ozonolysis 5.3 x 10-3 (surface reaction)28 95 
and 1.5 x 10-3 (diffusion limited reaction)28 by approximately 
a factor of two.  This increase in reactivity has strongly been 
suggested to be a result of secondary chemistry. 
 The morphology of the film was also found to have an 
effect on the observed kinetics of the ozonolysis of oleic acid, 100 
as a result of the evanescent wave decay with depth of 
penetration into the film, however, it was found that pseudo 
first order kinetics could be successfully modelled using a 
simple treatment convolving evanescent wave intensity with 
scaled absorbance per nm layer thickness assuming 105 
exponential reactant loss. This mathematical representation 
allowed for the reactive uptake for oleic acid in the mixture to 
be quantified assuming a surface dominated reaction 6.8 x 10-
5. The reactive uptake obtained for oleic acid in the presence 
of stilbene was identical within error to that obtained for pure 110 
oleic acid  (7.5 ± 2.7) x 10-5.35 The similarity in reaction rates 
for the pure and mixed oleic acid was assumed to be the result 
of phase separation within the thin film. 
 This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  15 
 Infrared spectroscopy has proven to be a valuable tool for 
the measurement of reaction kinetics in aerosols. However, 
the method relies upon the presence of a uniquely identifiable 
band or motif within either the reactant or product, preferably 
in an uncluttered region of the spectrum. When bands of 5 
common functional groups overlap, this reduces the ability of 
the technique to follow loss or gain. This is particularly 
difficult in mixtures where many of the key functional groups 
are similar (c.f. the carbonyl band in oleic acid). However, in 
many cases it is possible to identify unique features although 10 
it is not always easy to assign them to specific vibrational 
modes. In such cases, the use of a complementary analytical 
method to firmly link a given spectroscopic feature to a 
specific reactant or product is needed. 
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In this paper, a kinetic study of the oxidation of oleic acid on ammonium sulfate substrates by gas-
phase ozone at low (~ 6.0 %) and high (>90 %) relative humidities is reported. A flow of mixed 10 
aerosol particles with an average size of 0.9 µm at low humidity and 2.8 µm at high humidity were 
exposed to a known concentration of ozone for a controlled period of time in an aerosol flow tube 
in which products were monitored by infrared spectroscopy. The results obtained are consistent 
with a Langmuir-Hinshelwood type mechanism for the heterogeneous oxidation of oleic acid on 
substrates by gas-phase ozone. From this mechanism the following parameters were found: for the 15 
reaction at low relative humidity, 3OK  = (2.35 ± 0.41) x 10
-15 cm3 molecule-1 and Ikmax  = 0.56 ± 
0.20 s-1; and for the reaction at high relative humidities 3OK  = (1.71 ± 0.66) x 10
-15 cm3 molecule-1 
and Ikmax  = 0.33 ± 0.03 s
-1. From the pseudo first order coefficients, apparent reactive uptake 
coefficients were calculated which were seen to decrease with increasing ozone. Comparison with 
previous measurements reveals a similarity between the oleic acid ozonolysis reaction on dry 20 
ammonium sulfate and polystyrene latex substrates. Similarly, the reduction in reactivity observed 
for increased relative humidities can be attributed to the hydrophobic nature of oleic acid and the 
presence of adsorbed water on the particle surface. 
1. Introduction 
 Field measurements have shown that tropospheric aerosol 25 
contain an internal mixture of inorganic and organic 
material.1-9 A variety of organic species have been 
characterised in the aerosol phase with the most common 
natural occurring type being fatty acids.10-13 Organic material 
can be incorporated into inorganic aerosol by a number of 30 
processes such as bubble bursting14, 15 resulting in particles 
which posses different physical states of surface coverage.16-18 
These states include the formation of organic coatings or 
islands,19, 20 inorganic inclusions,21 gel-like aggregates22 and 
micelle structures.23, 24 As fatty acid molecules may partition 35 
between particulate phases and form a variety of surface 
coverage’s, they may affect water uptake and permeability to 
gas-phase species at the air-particle surface on 
aerosols.17Hence, a better description of their chemical 
reactivity towards atmospheric trace gases is desirable to 40 
develop a more complete understanding of the environmental 
fate of fatty acids in the troposphere, as well as their 
dependence on their distribution between particulate phases. 
 Organic precursors and particles are susceptible to 
reactions with gas-phase oxidants such as OH and NO3 45 
radicals and ozone to form more oxygenated products.18, 23, 25, 
26 The corresponding products can condense onto pre-existing 
particles and subsequently alter the physical properties of the 
aerosol including hygroscopicity, toxicity and the particles 
ability act as CCNs.23, 26, 27 In the presence of water the rate to 50 
which the oxygenated products condense onto the particles 
may be greatly affected depending on the polarity of the 
product species. Therefore understanding the ageing effects of 
internally mixed particles at high relative humidities is crucial 
to achieve a better knowledge of aerosol effects on climate 55 
change. 
 Given the wide variation in organic composition observed 
in both the gaseous and particulate phases in the atmosphere, 
laboratory studies generally have focused upon proxies in 
order to provide quantitative and qualitative results in 60 
controlled environments. The most widely used organic proxy 
is oleic acid based upon the presence of relevant functional 
groups specifically the carboxylic acid group, alkyl chain and 
alkene bond. Despite the extensive studies carried out on the 
ozonolysis reaction of oleic acid there is still a considerable 65 
amount of debate regarding the mechanism and kinetics of the 
reaction at the gas-aerosol interface.28 While atmospheric 
measurements of oleic acid in the particle phase are indicating 
an atmospheric lifetime in the order of days,29 laboratory 
experiments measuring the reaction rate of pure oleic acid 70 
with ozone estimate a lifetime in the order of seconds.30-33 
Based on laboratory studies of the ozonolysis reaction of 
internally mixed particles containing oleic acid it has been 
suggested that the particle phase and chemical morphology of 
these internally mixed systems can affect the oleic acid 75 
oxidation efficiency.34-37 In the case of oleic acid and stearic 
acid particles, it was found that areas within the particle that 
contained liquid regions of oleic acid allowed for a rapid rate 
of ozonolysis.35 In contrast, when the oleic acid was trapped 
inside solid stearic acid a decrease in the rate of ozonolysis 80 
was observed which could be attributed to the oleic acid 
within the structure being unavailable for reaction.35 
Similarly, Hearn et al.38 found that in mixed oleic acid and n-
 2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 
docosane particles the metastable states of the solid structure 
could affect the ozonolysis rate of reaction. 
 In this paper, kinetic measurements of the oxidation of 
internally mixed oleic acid and ammonium sulfate particles by 
ozone are reported at low and high relative humidities. A 5 
novel AFT (aerosol flow tube) coupled to a FTIR (Fourier 
transform infrared) spectrometer was employed to perform the 
kinetics studies of the oxidation of oleic acid aerosol by gas-
phase ozone with the aim of monitoring the formation of 
condensed phase products spectroscopically. Kinetic data has 10 
been obtained over a range of ozone concentrations from 
which the reactive uptake coefficients have been extracted. 
The corresponding variations in oleic acid reactivity with 
respect to relative humidity are discussed. 
2. Experimental 15 
 The AFT system and FT-IR spectrometer detection system 
used in this work has been described in detail elsewhere.39 
Briefly an overview of the technique will be given here with 
an emphasis on the experimental conditions and procedures 
specific to these measurements. For simplicity the 20 
experiments carried out at low RH% will be denoted as ‘dry’ 
and the high RH% as ‘wet’ particles. A temperature-stabilised 
laboratory-made ultrasonic nebuliser was used to generate 
internally mixed micro-droplet aerosols from a solution of 
sodium oleate (30.3% molar fraction) and ammonium sulfate 25 
in de-ionised water. The nebuliser was immersed in an 
isothermal bath at 40oC and controlled with a thermostat 
control (HUBER Ministat 125). In all experiments the 
particles were entrained in a nitrogen carrier gas flowing at a 
rate of 400 sccm (standard cubic centimetres per minute). In 30 
the low RH% experiments the nitrogen gas remained dry and 
the aerosol particles were subsequently passed through silica 
gel diffusion driers, which dried the particles to ~ 6.0 ± 1.0 % 
RH. In contrast, wet conditions were achieved by utilising a 
humidified nitrogen flow by essentially flowing the carrier gas 35 
through a water trap thus resulting in particles with a RH in 
excess of 90% being formed. These values were ascertained 
using a relative humidity probe (Vaisala HMT 234). Before 
the particles entered the AFT the particle size distributions 
were measured using a commercial process aerosol monitor 40 
(PAM 510, TOPAS GmbH). Aerosol particle dimensions were 
described by lognormal distributions with a standard deviation 
σ < 1.15 where their average particle diameter (Dp) and 
number of particles (N’) were obtained.39 
 The internally mixed particles were diluted after entering 45 
the AFT by a sheath flow. The main aerosol flow tube (AFT) 
consisted of a 100 cm long, vertically orientated Pyrex glass 
flow tube within an internal diameter of 4.0 cm. A moveable 
stainless steel injector 146.5 cm long and internal diameter of 
1.0 cm was inserted axially down the centre of the of the flow 50 
tube, through which a 240 sccm variable oxygen/nitrogen 
flow mixture was injected. In the experiments the total flow 
used was 4.2 and 4.6 SLPM (standard litres per minute) for 
the dry and wet experiments respectively. These flows 
resulted in an average flow velocity of ~ 6.0 cms-1 for the dry 55 
experiments with a Reynolds number of ~ 130 and a velocity 
of 7.6 cms-1 and a Reynolds number of ~ 165 for the wet 
experiments. The contact time was varied from 2.0 − 10.0  s by 
the use of moveable injector. 
 The infrared detection system used in the kinetic aerosol 60 
experiments has been described in detail elsewhere.39In these 
experiments the multi-pass long cell used was based on a 
White Cell configuration, which operated at 16 passes which 
equated to a pathlength of 47.0 ± 1.0 cm and mounted 
perpendicular to the direction of the flow. The aerosol flow 65 
crosses the infrared detection perpendicular to the multi-pass 
optics immediately prior to exiting the flow tube. Infrared 
spectra were acquired in situ using a modified commercial 
FT-IR Spectrometer (Nexus, ThermoNicolet) and the spectra 
were measured at a resolution of 4 cm-1 from the co-addition 70 
of 256 scans. In this study, experiments were performed at 
room temperature (~298 K), atmospheric pressure (1 atm) and 
at varying ozone concentrations. 
 The concentration of ozone present in the AFT experiments 
was determined from three characteristic infrared bands that 75 
were observed in the infrared spectrum of ozone. The peak 
height of the absorption band at 2123 cm-1, the peak area 2138 
– 2046 cm-1 (using a baseline 2140 – 2150 cm-1 for both) and 
band area 1072 – 991 cm-1 (using a baseline 1080 – 970 cm-1) 
were all quantified. The average ozone concentration obtained 80 
form the analysis of these bands determined the ozone 
concentration in the AFT within 5% error. Validation of the 
concentrations determined from the infrared bands a cross 
calibration was achieved using a cross calibration with a 
laboratory-built gas cell in the UV-Vis Spectrometer (Perkin 85 
Elmer 25). The ozone concentrations were determined by 
measuring the absorption at 254 nm (σ = 1.15 x 10-17 cm2 
molecule-1).40 The ozone concentration was varied between 60 
– 170 ppm and 45 – 135 ppm (with an uncertainty of 5%) for 
the dry and wet experiments respectively. 90 
2.1 Chemicals 
Chemical compounds were used without further purification: 
ammonium sulfate (99%) purchased from Aldrich and sodium 
oleate (>90%) purchased from J. T. Baker. Ozone was 
generated by passing a flow of pure oxygen (BOC gases) 95 
through a commercial ozone generator (BMT802, BMT 
Messtechnik GmbH) for all of the experiments. The carrier 
gas used in all experiments was dry nitrogen (BOC gases). 
3. Results and discussion 
3.1 Particle Characterisation 100 
 The range in diameters of the particles produced were 0.9 
µm and 2.8 µm with number densities of 2.5 x 106 particles 
cm-3 and 3.4 x 106 particles cm-3 for dry and wet particles 
respectively. Comparison of these dimensions clearly shows 
an increase in the particle size with increased relative 105 
humidity. Previous work by Najera et al.41 have shown that 
ammonium sulfate particles coated with organic compounds 
increase in size significantly at high relative humidities and 
that the presence of the organic does not affect the 
deliquescence relative humidity. 110 
 The FT-IR spectra obtained for dry and wet mixed particles 
are shown in Figure 1, and the main absorption band  
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Table 1 A summary of the main infrared peaks seen in the FT-IR Spectra for dry pure ammonium sulphate particles, dry pure oleic acid particles, dry 
sodium oleate particles and mixed particles under dry and wet conditions. 
Type IR Band Pure and Dry 
Ammonium 
Sulphate (cm-1) 
Aqueous 
Ammonium 
Sulphate (cm-1) 
Pure and Dry  
Oleic Acid 
(cm-1) 
Pure Sodium 
Oleate (cm-1) 
Pure and Dry 
Mixed Particle 
(cm-1) 
Pure and Wet 
Mixed Particle 
(cm-1) 
OH Stretching – 3490 – 3280  – – – 3580 – 3300 
NH4+ Stretching 3350 – 2650  3350 – 2650  – – 3350 – 2975 3300 – 2660 
HOH Bending –  ~ 1645 – – – ~ 1645  
NH4+ Deformation 1470 – 1395 1470 – 1395 – – 1490 – 1360 1490 – 1395 
SO42- Stretching 1180 – 1050 1180 – 1050 – – 1210 – 1035 1180 – 1020 
SO42- Bending 634 – 605 634 – 605 – – 634 – 605 –  
Alkene – – 3015 – 2990 3020 – 2990  – – 
Alkane – – 2975 – 2810 2975 – 2810 2970 – 2830  2940 – 2830 
Carbonyl – – 1730 – 1660 1580 – 1540  1730 – 1685  - 
Finger-print Region – – 1485 – 895  1475 – 675  – – 
H-Bonding libration – ~ 685 – – – ~ 685 
 
wavenumbers are tabulated in Table 1. For comparison 
purposes reference spectra for particles of ammonium sulfate, 5 
oleic acid and sodium oleate are also displayed in Figure 1, 
and the corresponding absorption bands tabulated in Table 1. 
The ammonium sulphate infrared spectrum (seen in figure 1a) 
possesses absorption features at 3350 – 2650 cm-1, 1470 – 
1395 cm-1, 1180 – 1050 cm-1 and 634 – 605 cm-1 which 10 
correspond to the v3 (NH4+ stretching), v4 (NH4+ 
deformation), v3 (SO42- stretching) and v4 (SO42- bending) 
modes, respectively. Under deliquescence the described 
characteristic bands will be observed in the same positions 
with the exception of the v4 (NH4+) at 1445 cm-1 which is 15 
indicative of the salt being in solution.41 Additional 
condensed water features will also appear at 3490 – 3280 cm-
1, 1645 cm-1 and 685 cm-1 which correspond to the v1-v3 (OH 
stretching), to the v2 (HOH bending) and to the L2 (H bonding 
libration) modes, respectively.41 The oleic acid infrared 20 
spectrum shown in figure 1b has a number of features which 
can be attributed to the alkene (3015 – 2990 cm-1), alkane 
(2975 – 2810cm-1) and acid carbonyl (1730 – 1660 cm-1) 
functional groups. Comparison of the infrared spectrum of 
oleic acid and sodium oleate (figure 1c) shows that the main 25 
variation (excluding the fingerprint region) is the carbonyl 
mode which is positioned between 1580 and 1540 cm-1 for 
sodium oleate. Taking this into consideration, the position of 
the carbonyl band in the mixed particles will confirm the 
presence of either oleic acid or sodium oleate. 30 
 The infrared spectrum for the dry and wet mixed particle 
can be seen in Figure 1d and 1e respectively. In both spectra 
the absorption bands can be attributed to the presence of 
ammonium sulfate and oleic acid components within the 
particle. The exact positions of these characteristic bands as 35 
seen in Table 1 show a shift in the mixed spectra when 
compared to the pure spectra which is the result of 
interactions between the oleic acid and ammonium sulfate. 
This confirms that the components within the mixed particle 
are internally mixed. In these spectra the oleic acid alkene 40 
band at 3004cm-1 is obscured by the broad, dominant v3 
(NH4+) mode seen between 3350 and 2975 cm-1 which will 
prevent reactant loss kinetics (using the alkene band) from 
being quantified. Comparison of the infrared spectra for the 
dry and wet particles indicates two significant differences 45 
specifically the oleic acid band intensity and the broadening  
Fig. 1 A typical IR Spectrum of (a) dry pure ammonium sulphate 
particles, (b) dry pure oleic acid particles, (c) sodium oleate particles, (d) 
mixed particles under dry conditions and (e) mixed particles under wet 
conditions. In this figure a scaling factor was applied to the sodium oleate 50 
spectrum (0.2), the dry mixed spectrum (0.7) and the wet mixed spectrum 
(0.3) in order to compare the spectra. 
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Fig.2 A typical FT-IR spectrum of internally mixed particles exposed at 
120 ppm under dry conditions for (a) 0 seconds, (b) 2.7 seconds, (c) 6.2 
seconds and (d) 9.8 seconds.  
of a number of features. With regards to the oleic acid bands 
the difference is the result of the scale used in for the figure, 5 
the amount of oleic acid present in the dry and wet aerosols is 
identical. The broadening of the carbonyl region and the 
feature in the region 3670 – 2600 cm-1 can be attributed to the 
presence of condensed water which confirms the formation of 
an aqueous droplet at high relative humidities. In summary, 10 
the infrared and particle size evidence obtained for the mixed 
particle at high relative humidities confirms that the 
 
Fig. 3 A plot showing carbonyl ester formation for mixed particles under 
dry conditions as a function of time, for 60 ppm (black), 90 ppm (green), 15 
120 ppm (blue), 145 ppm (purple) and 170 ppm (red). 
 
ammonium sulfate aerosol has undergone deliquescence to 
produce an aqueous droplet. 
3.2 Kinetics 20 
 Infrared spectroscopic studies of oleic acid ozonolysis have 
determined the reaction kinetics through probing the alkene 
band loss.30, 42 As previously discussed the oleic acid alkene 
band is obscured by the ammonium sulphate v3 (NH4+) mode 
in the infrared spectrum of the mixed particles. This prevents 25 
quantification of the oleic acid loss during the course of the 
ozonolysis reaction. The reaction kinetics can therefore only 
be determined through monitoring the rate of product 
production. Owing to the extensive studies regarding the 
ozonolysis reaction of oleic acid numerous products have been  30 
determined. Hung et al.42 observed a broadening of the 
carbonyl band, which was related to the presence of species 
with ester functionality. Taking this into consideration, 
product formation kinetics can be determined through 
monitoring the ester carbonyl band. In the dry experiments the 35 
increase of the ester band at 1743 cm-1 can be seen in Figure 
2. In order to quantify the product formation kinetics the ester 
band was integrated between 1770 cm-1 and 1730 cm-1. The 
increase in ester formation as a function of time can be seen in 
Fig. 4 A typical FT-IR spectrum showing the region 1000 – 900 cm-1 for 40 
internally mixed particles under wet conditions exposed at 115 ppm for 
(a) 0 seconds, (b) 2.0 seconds, (c) 4.7 seconds, (d) 7.4 seconds and (e) 
10.0 seconds. 
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Fig. 5 A plot showing product formation at high relative humidities as a 
function of time, for 45 ppm (black), 70 ppm (green), 95 ppm (blue), 115 
ppm (purple) and 135 ppm (red). 
Figure 3 for the various ozone concentrations used. 5 
 At high relative humidities the mixed infrared spectrum 
contains a significant proportion of condensed water which 
results in intense water vibrations being seen in the carbonyl 
region. This will result in the carbonyl band being obscured 
thus preventing ester product kinetics from being quantified. 10 
Analysis of the ozonised particles at high humidities showed 
the formation of two distinct bands, one band was seen at 966 
cm-1 and the other at 930 cm-1, as shown in Figure 4. The 
exact species contributing to these bands were not determined 
but it should be noted that these bands were only present 15 
under conditions of high relative humidity. Taking this into 
consideration, it is extremely likely that these bands 
correspond to products that can only be formed in the 
presence of water. As both bands increased at the same rate 
either could be used to ascertain the product kinetics. The 20 
product band was integrated between 970 cm-1 and 960 cm-1 
for quantification purposes. The corresponding increase as a 
function of time can be seen in Figure 5 for the wet conditions 
at various ozone concentrations. 
 For each ozone concentration, the product concentration at 25 
the end of the reaction, [Cinf], was calculated by fitting the 
integrated areas with an exponential Box-Lucas fit based on 
the Levenberg-Marquradt algorithm. The Box-Lucas model 
 
 30 
 
Fig. 6 A plot showing first order formation plots for the reaction of mixed 
particles with ozone under dry conditions at ozone concentrations 60 ppm 
(black), 90 ppm (green), 120 ppm (blue), 145 ppm (purple) and 170 ppm 
(red). 35 
 
Table 2 Rate coefficients for oleic acid ozonolysis in mixed particles at 
low and high relative humidities. The errors obtained to the 1σ level from 
the linear regressions.  
Ozone 
Concentration 
Dry Particles 
(ppm) 
kI (s-1) for Dry 
Particles 
Ozone 
Concentration 
Wet Particles 
(ppm) 
kI (s-1) for Dry 
Particles 
60 0.439 ± 0.026 45 0.204 ± 0.032 
90 0.472 ± 0.064 70 0.243 ± 0.013 
120 0.465 ± 0.069 95 0.277 ± 0.036 
145 0.493 ± 0.074 115 0.260 ± 0.018 
170 0.521 ± 0.058 135 0.300 ± 0.042 
 40 
represents an exponential function of the form [C] = [Cinf] (1-
e-bt), where [C] is the product concentration at time t, with b 
and Cinf as the fitted parameters. The exponential correlations 
of the data produced precise values of [Cinf] with 
corresponding fitting statistics of 0.96 < R2 < 0.99 and 0.85 < 45 
R2 < 0.97 for dry and wet conditions respectively. Using the 
calculated values of [Cinf] for oleic acid aerosols, the kI 
(pseudo-first-order rate coefficient) for product formation  
were obtained from the linear plots shown in Figure 6 and 7 
for dry and wet conditions respectively using Equation 1. 50 
tk
C
C
I−=− )][
][1ln(
inf
  (1) 
The rate coefficients obtained in this study are given in Table 
2.  
 The reactive uptake of ozone by reaction of organic 
coatings involves the convolution of several simultaneous 55 
processes.43-47 Principally, these are (i) gas-phase diffusion of 
ozone to the droplet surface, (ii) accommodation of ozone at 
the surface of the aqueous droplet, (iii) diffusion of ozone 
within the droplet, and (iv) subsequent chemical reaction with 
an organic molecule either in the surface layer or dissolved in 60 
the droplet. The characteristic times48associated with these 
chemical processes can be evaluated and compared thus 
allowing for the rate limiting process to be ascertained, as  
 
Fig.7 A plot showing first order formation plots for the reaction of mixed 65 
particles with ozone under wet conditions at ozone concentrations 45 ppm 
(black), 70 ppm (green), 95 ppm (blue), 115 ppm (purple) and 135 ppm 
(red). 
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Table 3 Comparison between the characteristics time associated with 
each rate determining process for the heterogamous reaction between 
ozone and dry/wet mixed particles.  
Process Equation Dry 
Conditions 
time (s) 
Wet 
Conditions 
time (s) 
 
Gas-phase  
diffusion )(4 3
2
2
OD
D
g
p
g π
τ =  
 
~ 1.0 x 10-9 
 
~ 9.9 x 10-8 
 
Mass 
Accommodation 
diffusion 
 
2
3 ]/4)[( cHRTODlH ατ =  
 
~ 1.7 x 10-10 
 
~ 1.7 x 10-10 
 
Aqueous phase 
diffusion )(4 3
2
2
OD
D
l
p
aq π
τ =  
 
~ 1.1 x 10-4 
 
~ 1.1 x 10-4 
 
Aqueous droplet 
reaction 
 
I
r k
1
=τ   ~ 6.3 x 102 
 
~ 4.0 x 102 
 
Where Dg(O3) is the gas-phase diffusion constant of ozone (~ 0.2 cm2 s-1), 5 
Dl(O3) is the aqueous-phase diffusion coefficient of ozone (~1.8x10-5 cm2 
s-1) H is the Henry law constant for ozone in solution (1.15x10-2 M atm-1),  
c is the mean speed of ozone molecules (~3.6x104 cm s-1) and α=1x10-2 
for aqueous droplets. 
summarized in Table 3. From these lifetimes it is clear that 10 
the reactive uptake is controlled by reactions occurring within 
the surface of the interface. 
 Based on the estimated characteristic times the overall 
uptake can be assumed to be controlled by reactions occurring 
within the surface of the interface. In recent work, uptake 15 
models limiting by these reactions at the interface are 
modelled using the Langmuir-Hinshelwood mechanism.49-
51This mechanism allows for a consistent description of 
competitive co-adsorption and surface saturation effects in 
surface-mediated reactions. The calculated kI values obtained 20 
from the data in Figure 6 and 7 are shown plotted as a 
function of ozone concentration for dry (blue circles) and wet 
(red circles) conditions in Figure 8. The resulting non-linear 
plots obtained show a shape consistent with the Langmuir-
Hinshelwood mechanism surface reaction mechanism. A 25 
reaction via the Langmuir-Hinshelwood mechanism involves 
two processes: (i) equilibrium partitioning of the ozone 
between the surface and the gas-phase and (ii) an on/in 
particle reaction between the organic species and the adsorbed  
 30 
Fig.8 Pseudo-first order rate constants as a function of gas-phase ozone 
concentration for ‘dry’ mixed aerosol particles (blue) and ‘wet’ mixed 
aerosol particles (red). The error bars correspond to the standard errors of 
the pseudo first order coefficients previously determined to the 1σ level. 
 35 
ozone. Dissolution of the ozone into the bulk is generally 
considered negligible. 
 Assuming that a Langmuir-Hinshelwood-type mechanism 
prevails for the reaction, the relationship between kI and gas-
phase ozone concentration can be modelled using equation 2. 40 
gasO
gasO
I
I OK
OKk
k
][1
][
33
33max
+
=   (2) 
where 3OK  is the ozone gas-to-surface equilibrium constant, 
Ikmax  is the maximum pseudo-first-order rate coefficient 
observed at high ozone concentrations which are a product of 
the second-order coefficient (kII) and the number of surface 45 
sites, and [O3]gas is the gas-phase ozone concentrations. Both 
for the dry and wet conditions, the kI data in Figure 8 were 
fitted using a non-linear least-square fit of equation 2 based 
on the rectangular hyperbola function. The calculated values 
of Ikmax  values were determined as 0.56 ± 0.20 s
-1 and 0.33 ± 50 
0.03 s-1 with 3OK  values of (2.35 ± 0.41) x 10
-15 cm3 
molecule-1 and (1.71 ± 0.66) x 10-15 cm3 molecule-1 for dry and 
wet conditions respectively. There is a reduction in reactivity 
by a factor of 1.5 for the ozonolysis of oleic acid under high 
relative humidities. This would imply that at low humidities 55 
the ozone partitions to the particle surface more efficiently 
and that the ozonolysis reaction is faster. In order to explain 
the variation in the kinetic parameters seen for the mixed 
particles under low and high relative humidities it is necessary 
to consider the factors that can affect the rate of reaction. 60 
These include organic coating geometry, orientation and 
mobility on/in the particle as well as the polarity and 
interactions of the substrate. 
3.3 Determination of apparent reactive uptake 
The reactive uptake coefficients can be extracted from the 65 
Langmuir-Hinshelwood mechanism using equation 3. 
])[1(
4
333
3max
OKc
Kk
OOorg
O
I
+
=
σ
γ   (3) 
where σorg is the oleic acid molecular cross section (1 x 10-14  
cm2 molecule-1) and cO3 is the mean speed of ozone molecules 
(3.6 x 104 cm s-1). Figure 9 shows the calculated reactive 70 
uptake as a function of ozone concentration for mixed 
particles at low (blue circles) and high (red circles) relative 
humidities. The correlation seen between the uptake 
coefficient and ozone concentration for the mixed particles 
can be explained by the model used to describe the reaction. 75 
Under high ozone concentrations the surface coverage of 
ozone approaches saturation resulting in less available sites 
for ozone binding thus reducing the particles uptake of ozone. 
A non-linear fit consisting of a two-parameter exponential 
function was applied to the uptake data using equation 4, 80 
represented by solid lines for dry (blue) and wet (red) 
conditions in Figure 9. At zero ozone concentration, the 
limiting values of the apparent reactive uptake coefficient are 
1.5 x10-5 for dry conditions and 6.2 x 10-6 for wet conditions. 
With respect to increased relative humidity the apparent  85 
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Table 4 Comparison of Langmuir-Hinselwood parameters and reactive uptake coefficients for heterogeneous reaction of oleic acid on different aerosol 
seeds. 
 Relative 
Humidity 
Aerosol seed type kImax  
s-1 
KO3 
cm3/molecule 
γ 
Rosen 200852 Dry (Ambient) Polystyrene Latex (PSL) 0.64 ± 0.10 (2.14 ± 0.57) x 10-15 (2.7 - 1.2) x 10-5 
Rosen 200852 Dry (Ambient) Silica 2.20 ± 1.10 (3.59 ± 2.13) x 10-16 (1.6 - 1.3) x 10-5 
This work Dry (~ 6.0 %) Ammonium sulfate 0.56 ± 0.20 (2.35 ± 0.41) x 10-15 (3.3 - 1.3) x 10-6 
This work Wet (> 90 %) Ammonium sulfate 0.33 ± 0.03 (1.71 ± 0.56) x 10-15 (2.2 - 0.9) x 10-6 
 
reactive uptake was seen to decrease for oleic acid coated 
ammonium sulfate particles. 5 
3.4 Comparison of kinetic parameters and apparent reactive 
uptake 
 The ozonolysis reaction of pure oleic acid has been 
quantified by a vast number of groups using an array of 
analytical techniques.33, 53-55 Recently the importance of 10 
oxidation reactions of organic species in mixed particles has 
been highlighted.56 A detailed study of the oleic acid 
ozonolysis reaction on different substrates was previously 
carried out by Rosen et al.52 Table 4 shows the kinetic 
parameters and corresponding uptake coefficients for the 15 
reaction of oleic acid on a variety of substrates which were all 
obtained using the Langmuir Hinshelwood mechanism. As can 
be seen in table 4 there is considerable range in the reported 
uptake coefficients. However, the direct comparison of uptake 
coefficients is not informative as the reported values vary 20 
depending on the experimental used, as given in equation 3.  
The difference in the uptake coefficient between this study 
and Rosen’s work can be simply attributed to the different 
ozone concentrations used; specifically the large 
concentrations utilised in this study.  Comparison of the 25 
kinetic parameters kImax and KO3 indicated that under dry 
comditions the two substrates, ammonium sulfate and PSL, 
have similar rates of reaction and binding affinities towards 
ozone. In contrast, the silica substrate displayed a significant 
enhancement in both reactivity and binding affinity towards 30 
ozone when compared to the other substarates. Rosen et al., 
attribute the increase in reaction rate of oleic acid on silica 
substrates can be related to the orientation of the organic at 
the core surface.52 Similarly, the increase in the silica 
substrates affinity for ozone can be correlated to the polarity  35 
 
Fig. 9 Apparent reactive uptake coefficients as a function of gas-phase 
ozone concentration for ‘dry’ mixed particles (blue) and ‘wet’ mixed 
particles (red) were calculated using equation (4). The error bars of the 
uptake coefficients were calculated by considering the uncertainties of the 40 
input parameters specifically ozone concentration, Ikmax  and 3OK . 
of the core.52 In summary, Rosen et al. postulated that 
increased reactivity can be related to the orientation of the 
oleic acid on the substrate surface and the surface affinity for 
ozone is correlated to the cores polarity. Taking these 45 
suggestions into consideration, the polarity and orientation of 
the oleic acid on PSL and ammonium sulfate cores can be 
considered identical owing to the comparable values obtained 
for the kinetic parameters kImax and KO3.  
 Rosen et al.52 have postulated that the presence of adsorbed 50 
water on the surface may result in a decrease in the particles 
affinity to bind ozone, yet did not perform experiments as a 
function of relative humidity. This is the first kientic study to 
determine the affect of relative humidity on the ozonolysis 
reaction of oleic acid in mixed particle systems. The kinetic 55 
parameters and reactive uptake coefficients were seen to 
decrease with increased relative humidity as suggested by 
Rosen et al.52  This is in stark contrast to previous studies of 
the impact of relative humidity on the rate of ozonolysis of 
maleic acid and fumaric acid particles which showed an 60 
increase in the reaction rate with increase relative 
humidities.57 This increase was attributed to the hydrophilic 
nature of the organic species which specifically allowed 
increased mobility and subsequently rapid diffusion of the 
organic species within the particle.57However, the decrease in 65 
oleic acid reaction rate at high relative humidities can be 
attributed to a number of factors, specifically the 
concentration of oleic acid on the surface of the particle, the 
effect of surface bound water and the solubility of the organic 
species. 70 
 In order to explain the variation in reactivity seen for the 
mixed particles under different relative humidities it is 
necessary to consider the particles geometry, concentration of 
oleic acid and hydrophobic nature of the organics species. The 
ozonolysis reaction of pure oleic acid particles has been 75 
extensively researched and the reactive uptake has been 
determined assuming a diffusion limited scenario as γ = 8.8 x 
10-4.54, 58 In comparison, the reaction rate of oleic acid coated 
particles is substantially slower by approximately two orders 
of magnitude. It is however important to note that the 80 
geometry of the oleic acid on core particles is different to that 
seen for the pure particles. In the pure particles oleic acid will 
completely cover the surface of the particle thus allowing for 
any ozone that diffuses to the surface to come into direct 
contact with the organic and allow a reaction to occur. In 85 
contrast, the oleic acid coating on ammonium sulphate 
substrates has previously been determined to posses an island 
geometry which results in incomplete oleic acid surface 
coverage when compared to the pure particles.41 Under this 
geometry, the diffused ozone can come into contact with 90 
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either oleic acid islands or the ammonium sulphate core thus 
decreasing the probability of the reaction. Taking this into 
consideration, the decrease in reactivity for oleic acid coated 
particles compared to pure particles can be attributed to the 
geometry of they oleic acid on the surface. Furthermore, it has 5 
been shown that at high humidities ammonium sulfate 
particles undergo deliquescence even in the presence of oleic 
acid.41 Thus, as the relative humidity is increased the exposed 
core will adsorb water which will decrease the probability of 
ozone coming into contact with the organic and so reduce the 10 
reactivity further. When generating the mixed particles at low 
and high relative humidities, the amount of oleic acid used 
was identical. When the concentration of oleic acid present in 
the dry and wet particles is considered in terms of the total 
particle volume the smallest concentration is seen for wet 15 
particles owing to the large droplet size formed. This decrease 
in oleic acid concentration for particles at high relative 
humidities will result in a reduced overall reaction rate as seen 
in Table 4. Owing to the hydrophobic nature of oleic acid, the 
organic species will not readily solvate into the aqueous 20 
droplet thus reducing the mobility of the organic species 
within the particle. During the course of the ozonolysis 
reaction the oleic acid at the surface will need to be 
replenished in order for the reaction to proceed. The 
hydrophobic nature of oleic acid will therefore result in the 25 
species being immobile thus reducing the rate of 
replenishment and subsequently decreasing the rate of 
reaction. 
4. Conclusions 
 In this study, the kinetics of the reaction between gas-phase 30 
ozone and oleic acid coated ammonium sulfate particles under 
conditions of low and high relative humidity have been 
investigated using infrared spectroscopy. Internally mixed 
aerosol were generated from the nebulisation of an aqueous 
solution of sodium oleate and ammonium sulfate which 35 
resulted in the formation of particles with sizes of 0.9 µm and 
2.8 µm under conditions of low and high relative humidities 
respectively. Real time monitoring of the mixed partciles over 
a range of ozone concentrations enabled the reaction progress 
to be probed such that kinetic analysis could be carried out 40 
from the observation of products. 
 This work shows that the heterogeneous reaction of ozone 
with oleic acid coated ammonium sulfate particles exhibit 
pseudo first order kinetics for the formation of products under 
both dry and wet conditions. The resulting pseudo first order 45 
rate coefficients display a Langmuir-Hinshelwood dependence 
on gas-phase ozone concentration under both relative 
humidities. The following parameters were found: at low 
RH%, 3OK  = (2.35 ± 0.41) x 10
-15 cm3 molecule-1 and Ikmax  = 
0.56 ± 0.20 s-1; and at high RH%, 3OK  = (1.71 ± 0.66) x 10
-15 
50 
cm3 molecule-1 and Ikmax  = 0.33 ± 0.03 s
-1, where 3OK  is the 
parameter that describes the partitioning of ozone to the 
particle surface and  Ikmax  is the maximum pseudo first order 
rate coefficient. The corresponding reactive uptake 
coefficients were calculated and a decreasing trend from 3.3 x 55 
10-6 – 1.3 x 10-6 for dry conditions and from 2.2 x 10-6 – 0.94 
x 10-6 for wet conditions with increasing ozone was observed. 
In comparing this data to the study by Rosen et al., it can be 
observed that the heterogeneous oxidation rate of oleic acid is 
similar for dry ammonium sulfate and PSL substrates. With 60 
respect to the results obtained in this study it is apparent that 
the reaction rate for ozonolysis of oleic acid is significantly 
reduced at higher relative humidities. This is a direct result of 
the hydrophobic nature of oleic acid, variations in oleic acid 
concentration at the surface and the presence of adsorbed 65 
water at the surface. 
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In this paper, a real-time laboratory study of the heterogeneous oxidation reaction of anthracene by 10 
gas-phase ozone using infrared spectroscopy in two distinctly different experimental 
configurations is reported. One set of kinetic measurements was made by attenuated total internal 
reflection infrared (ATR-IR) spectroscopy using ca. 75 nm films of anthracene adsorbed on ZnSe, 
for which the reactive uptake coefficient was determined to be (2.0±1.1)x10-7. Using an aerosol 
flow tube coupled to an infrared spectrometer (AFT-IR), similar measurements were made on 15 
(NH4)2SO4 (ammonium sulfate) aerosols coated with a 0.2 µm film of anthracene. The aerosol 
kinetic results as a function of ozone concentration are consistent with a Langmuir-Hinshelwood- 
type mechanism, for which the ozone partitioning coefficient was 
3OK =(1.4±1.7)x10
-16 cm3 
molecule-1 and the maximum pseudo-first-order rate coefficient was Ikmax = (0.035±0.016) s
-1. 
Infrared spectroscopic and mass spectrometric analysis of the ozonolysis reaction in the bulk phase 20 
identified the main ozonolysis products as being di-hydroxyanthrones, 9,10-endoperoxide–
anthracene, 9,10-anthriqunone and anthrone. Larger products were also seen in the mass spectra, 
most likely the result of secondary product and oligomer formation.
1. Introduction 
 Polycyclic aromatic hydrocarbons (PAHs) are released 25 
during incomplete combustion processes and have been 
identified as an important class of pollutants that are 
ubiquitous in the atmosphere.1 PAHs are known to be 
carcinogenic, mutagenic and allergenic in nature.2 After 
emission, the atmospheric processing of PAHs in the gas- and 30 
condensed-phase defines their environmental fate.3 The most 
significant transformation pathway is the heterogeneous 
reaction with atmospheric oxidants such as OH and NO3 
radicals and ozone. These reactions result in the formation of 
oxidised polycyclic aromatic hydrocarbons (OPAHs) which 35 
are often more toxic than the parent PAHs.4 OPAHs such as 
quinones can also be emitted directly into the atmosphere 
from combustion sources. The potential for PAHs and OPAHs 
to affect human health through direct inhalation has fuelled 
interest in the oxidation reactions of these compounds since 40 
their atmospheric chemistry is far from well-understood.1 A 
number of recent experimental studies have utilised 
anthracene as a PAH proxy representative of the wider class 
of aromatic species since it is present in polluted atmospheres 
at typical concentrations1 of ca. 6 ng m-3. Early studies of the 45 
liquid phase reaction of anthracene solution with dissolved 
ozone by Bailey5 identified 9,10-anthraquinone and phthalic 
acid as the main reaction products. From these studies, a 
reaction mechanism was postulated where 9,10-anthraquinone 
was formed either directly by consecutive ozone attack of the 50 
carbons on the inner ring of anthracene or produced indirectly 
by reduction of the hydroperoxide intermediate during work-
up.5 More recent studies have concentrated on characterising 
the ozonolysis mechanism and product yields for anthracene 
on a variety of different substrates such as aqueous and 55 
organic interfaces,3, 6, 7 film surfaces,8 and on both organic and 
inorganic aerosol surfaces.2, 9 There are however significant 
discrepancies in both the experimentally reported reaction 
products and the reported rates of reaction for ozonolysis.  
 In this study, real-time infrared spectroscopic studies of the 60 
oxidation reactions of anthracene by ozone as a thin film and 
in the aerosol phase are reported, supported by a qualitative 
product study in bulk solution using both infrared 
spectroscopy and mass spectrometry. 
2. Experimental 65 
2.1 Bulk Solution Phase 
 Solutions were prepared in ethyl acetate at typical solute 
concentrations of 10mM. The ozonolysis reaction was carried 
out in a 5 mL reaction vessel10 through which ozone was 
bubbled at a controlled rate. A 20 sccm flow of O2 was passed 70 
through a voltage discharge ozone generator to produce an 
ozone concentration of 2.4 × 104 ppm. The reaction time was 
varied between 0.5 and 8 minutes. The gas bleed was 
introduced via a medium gauge needle and exhausted through 
a second needle. Infrared spectra were recorded using a 75 
commercial diamond ATR attachment (Pike Miracle) fitted 
inside the sample compartment of an FTIR spectrometer 
(JASCO Model 2400). A micropipetted amount (1 or 2 µL) of 
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the sample solution was deposited and the solvent (ethyl 
acetate) was allowed to evaporate prior to spectra being 
recorded. Data was recorded for a pure anthracene solution as 
well as for samples at various stages of the ozonolysis 
reactions. A total of 128 spectra were collected at a resolution 5 
of 4cm-1 and co-added to create an absorbance spectrum. 
 Samples were also analysed by atmospheric pressure 
chemical ionisation mass spectrometry (APCI) using a service 
instrument at the University of Manchester. Both positive and 
negative ionisation spectra were recorded. The carrier gas 10 
used was nitrogen and the sample was volatilized instantly at 
450 – 550 oC close to the probe.  
2.2 ATR-IR Spectroscopy of reactions in thin films 
 Thin film studies were performed using ATR-IR 
Spectrometer that has been described in detail elsewhere.11 15 
Briefly the film study was preformed on a ZnSe internal 
reflection element (IRE) (Spectral Systems LLC) mounted in 
a custom built ATR accessory in a Thermo-Nicolet FT-IR 
Nexus Spectrometer. The thin films were formed on the IRE 
via a method known as casting, whereby a solution of the 20 
anthracene was spread over the crystal and the solvent was 
allowed to evaporate. A 30 µL aliquot of a 10 mM solution of 
anthracene in ethyl acetate was placed on the crystal. The film 
produced allowed for an exact volume of anthracene to be 
determined with highly repeatable spectroscopic 25 
characteristics. Once the films were cast ozone was flowed 
over the film with spectra collected every minute and recorded 
as the sum of 64 scans at 4 cm-1 resolution. The ozone 
concentration was determined by measuring the absorption at 
254 nm (σ = 1.15 x 10-17 cm3 molecules-1)12 in a laboratory-30 
built gas cell in a Perkin-Elmer Lambda 25 UV-Vis 
spectrometer. The concentration of ozone used in the thin film 
kinetic experiment was 2 ppm. 
2.3 Aerosol Flow Tube Studies 
 The aerosol flow tube (AFT) system and the FT-IR 35 
Spectrometer detection system used in this work has been 
described elsewhere.11, 13 Briefly an overview of the technique 
will be given here with an emphasis on the experimental 
conditions and procedures specific to this kinetic study. To 
generate the anthracene particles a seed particle (ammnoium 40 
sulphate) was required which was coated with anthracene 
vapor. The particle size distributions were then measured 
using a commercial process aerosol monitor (PAM 510, 
TOPAS GmbH) before entering the flow tube. Aerosol 
particle dimensions were described by lognormal distributions 45 
with standard deviation σ < 1.15, where their average particle 
diameter (Dp) and number of particles (N’) were obtained.13 
The coated particles were diluted after entering the AFT by a 
sheath flow. The main AFT reactor consists of a 100 cm long, 
vertically orientated Pyrex glass flow tube with an internal 50 
diameter of 4.0 cm. A moveable stainless steel injector 146.5 
cm long and internal diameter 1.0 cm was inserted axially 
down the centre of the flow tube, through which a variable 
oxygen/nitrogen flow mixture was injected. In the kinetic 
experiments a total flow of 1160 sccm was used which 55 
resulted in an average linear flow velocity of ~ 1.4 cm s-1 and 
a Reynolds number of ~ 36. The contact time was varied by 
setting the moveable injector to different positions from 15 to 
80 cm along the length of the flow tube, which was equivalent 
to a contact time of 11 to 57 s. 60 
 The Infrared detection system used in the kinetic aerosol 
experiments has been described in detail elsewhere.11 In these 
experiments the multipass long path cell was based on a White 
Cell configuration, which operated at 16 passes, or 
approximately 47.0 ± 0.9 cm pathlength and was mounted 65 
perpendicular to the direction of the flow. The aerosol flow 
crosses the infrared detection perpendicular to the multi-pass 
optics immediately prior to exiting the flow tube. Infrared 
spectra were acquired in situ using a modified commercial 
FT-IR Spectrometer (Nexus, ThermoNicolet) and the spectra 70 
were measured at a resolution of 4 cm-1 from the co-addition 
of 256 scans. In this study, experiments were performed at 
room temperature (298 K), atmospheric pressure (1 atm) and 
at varying ozone concentrations. 
 The concentration of ozone present in the AFT experiments 75 
was determined from three characteristic bands that were 
observed in the infrared spectrum of ozone. The peak height 
of the absorption band at 2123 cm-1, the peak area 2138 − 
2046 cm-1 (using a baseline 2140 − 2150 cm-1 for both) and 
area band 1072 − 991 cm-1 (using a baseline 1080 − 970 cm-1). 80 
The average ozone concentration obtained from the analysis 
of these bands determined the ozone concentration in the AFT 
within 5% error. The concentrations determined from the 
infrared bands were validated by a cross calibration using a 
laboratory-built gas cell in a Perkin Elmer Lambda 25 UV-Vis 85 
Spectrometer. In the aerosol kinetic experiments the ozone 
concentration was varied between 150 and 750 ppm with an 
uncertainty of ca. 5%.  
2.4 Chemicals 
 All chemicals were purchased from Aldrich and used 90 
without further purification: anthracene (99%), 9,10-
anthraquinone (97%), ethyl acetate (analytical reagent 99.98% 
assay) and (NH4)2SO4 (99.98%). Ozone was generated by 
passing a flow of pure oxygen (BOC gases) through either a 
commercial ozone generator (BMT802, BMT Messtechnik 95 
GmbH) for both the solution and aerosol experiments or by 
irradiation at 185 nm in an ozone generator with variable UV 
lamp exposure (UVP, LLC) for thin film experiments. The 
carrier gas used in all experiments was dry nitrogen (BOC 
gases). 100 
3. Results and discussion 
3.1 Solution studies of anthracene ozonolysis 
Infrared Spectroscopic charaterisation of reaction products. 
 The infrared spectra for pure anthracene and at various 
stages of ozonolysis are shown in Figure 1(a), and the main 105 
absorption bands for pure anthracene are tabulated in Table 1. 
For unreacted anthracene, the majority of the main bands are 
associated with the vibrational modes of the conjugated 
aromatic rings.14 The principal characteristic features are the 
C-H stretching modes in the region 3070 – 2960 cm-1, the 110 
overtones and combination modes between 1930 – 1720 cm-1, 
 This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 
the skeletal C=C vibrations between 1620 – 1445 cm-1, the C-
H in plane vibrations between 1315 – 1145 cm-1 and the out of 
plane C-H bending modes below 885 cm-1. The latter are the 
most intense bands in the ATR-IR spectrum  and are seen at 
883 cm-1 and 725 cm-1.15 5 
 Upon ozone exposure, a number of spectral changes are 
apparent as a reaction occurs, as shown in Figure 1(b) – (g).  
 
Fig. 1 ATR-IR spectra of anthracene ozonised in ethyl acetate solution for 
(a) 0 min, (b) 1 min, (c) 1.5 min, (d) 2 min, (e) 3 min, (f) 4 min, (g) 8 min. 10 
The characteristic bands of anthracene decrease in intensity to 
be replaced by a large number of new features. In particular, 
the sharp aromatic v(C-H) bands in the region 3070 – 2960 
cm-1 are lost during the reaction with ozone and are replaced 
by broad, unstructured bands in roughly the same region. 15 
Since the new features are still above ca. 3000 cm-1, it seems 
likely that the new species formed are also substantially 
aromatic in nature. A similar decrease in intensity can be seen 
for the anthracene-specific out-of-plane δ(C-H) modes in the 
region 885 – 700 cm-1, although these are also replaced by 20 
strong, broad spectral features in roughly the same region. 
Since the anthracene-specific bands at 3050 cm-1 and 883 cm-1 
are characteristically sharp and in relatively clear spectral 
regions, these bands can be used for the determination of 
reactant loss kinetics. 25 
 The presence of product species is apparent after 1 minute  
Table 1 Summary of the infrared band assignments for anthracene in 
solution (where i.p. denotes in plane and o.o.p. represents out of plane). 
Band/cm-1 Assignment 
3048 aromatic ν(C-H) 
3021 aromatic ν(C-H) 
3010, 2988 aromatic ν(C-H) 
1930-1720 Overtone or combination bands 
1618 ν(C=C) 
1533 ν(C=C) 
1488 ν(C=C) 
1315 δ(CH) i.p. 
1272 δ(CH) i.p. 
1147 δ(CH) i.p. 
883 δ(CH) o.o.p. 
725 δ(CH) o.o.p. 
 
of ozone addition, evidenced by the formation of broad 30 
overlapping bands at 1740 cm-1, 1693 cm-1 and 1672 cm-1 
which are readily assigned to carbonyl species. As ozone 
exposure continues, a large number of new features are seen 
to grow in. Many of the new features are readily assigned to 
generally aromatic moieties, typically aromatic ring modes 35 
around 1595 cm-1, 1480 cm-1 and 1460 cm-1 and strong out-of-
plane δ(C-H) modes at 753 cm-1 and 702 cm-1. The presence 
of oxygenated products is suggested by the growth of a 
number of infrared bands in the O-H stretching region (3590 – 
3120 cm-1), O-H bending (1300 – 1200 cm-1) and C-O 40 
stretching region (1110 – 1030 cm-1). Other reasonably easily 
identified features are the broad bands at ca. 2750 cm-1 and 
2850 cm-1 which are characteristic of aldehyde and carboxylic 
acid species.  
 The nature of the new species formed upon ozonolysis of 45 
anthracene in solution can be obtained from an examination of 
the resonances in the carbonyl region. Carbonyl ν(C=O) 
frequencies are very sensitive to their local environment and 
comparison with group-frequency correlation tables allows the 
general identification of the presence of aryl ketones (1672 50 
cm-1), carboxylic acids (1693 cm-1), aldehydes (1710 cm-1), 
esters (1730 cm-1) and acid anhydrides (1850 cm-1) in the 
range of products formed. Furthermore, the relative intensities 
of these individual carbonyl bands is seen to vary significantly 
as ozone exposure increases, suggesting that different types of 55 
products are formed at various stages through the reaction. 
From the reaction mechanism proposed by Bailey5, 9,10-
anthraquinone is likely to be formed as the major product via 
ozone addition at the carbon atoms situated in the inner ring 
of antharcene. 9,10-anthraquinone has a characteristic 60 
carbonyl band at 1676 cm-1 which coincides with the observed 
band seen in the ozonised samples at 1672 cm-1. Upon closer 
inspection of the spectra of the ozonised samples,  some of the 
other known main bands of 9,10-anthraquinone at 1280 cm-1, 
1212 cm-1 and 930 cm-1 can also be identified, although is not 65 
possible to unequivocally identify the δ(CH)oop mode which 
would be expected around 692 cm-1. The species contributing 
to the acid carbonyl at 1693 cm-1 are most likely to be 
compounds containing acid functionality adjacent to a double 
bond (1715 – 1680 cm-1) or aromatic acids (1700 – 1680 cm-1) 70 
such as phthalic acid (1685 cm-1), in line with the predictions 
of Bailey. On the other hand, the presence of ester type 
species is not straightforwardly explained, since ester and 
0.00
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aldehyde species are not easily generated from the primary 
mechanisms proposed by Bailey.5 Such species have been 
documented in a number of ozonised organic systems such as 
oleic acid10, and stilbene16 and are usually assumed to be the 
result of the secondary reactions. At the ozone concentrations 5 
used in this study, it is highly likely both that reactions 
involving oxidation at sites other than the inner ring positions 
occur, and that further reactions involving ozone addition 
across remaining unsaturation (either aliphatic or aromatic) in 
any products are also occuring. The formation of cyclic 10 
anhydride species is the most feasible explanation for the 
band at 1850 cm-1, following observations by Gunzler et al.17 
who characterised these species as having symmetric and 
antisymmetric coupled modes with νs around 1870 – 1845 cm-
1 and νas around 1800 – 1715 cm-1.  15 
 Towards the end of the reaction, the spectra are strongly 
redolent of those resulting from the ozonolysis of stilbene in 
solution, in that they are dominated by broad features 
characteristic of carbonyl, C-O and OH functionalities, 
unresolvable and strongly overlapped because of the presence 20 
of many similar components. As a result of the complexity of 
the infrared spectra, the direct identification of reaction 
products (primary or secondary) cannot therefore be made. 
However, there are key bands in both the reactant and in some 
of the products which can be used for kinetic studies and the 25 
general nature of the oxidised species formed has been 
reliably established. 
 
3.1.2 Mass Spectrometry characterisation of reaction 
products 30 
 The APCI technique produces both AP+ and AP- spectra. 
The resulting spectra for anthracene before and after various 
ozone exposures is shown in Figure 2. The anthracene starting 
material is seen in the AP+ spectrum as an intense peak at m/z 
179 corresponding to the molecular ion (M + H+). The 35 
addition of ozone causes the intensity of the anthracene 
molecular ion to decrease rapidly (34% loss after 1 minute of 
ozone addition). 
 Upon exposure to ozone a number of additional bands 
became apparent in the AP+ mass spectra as a result of 40 
product formation. Several suggested oxidation products for 
the ozonolysis of anthracene are given in Table 2. At low 
ozone exposures the main product peaks could be seen in the 
AP+ spectra at 226, 209, 194, 193, 183, 181 and 165 m/z with 
the most dominant peak at 211 m/z. These peaks would 45 
suggest that the main product formed is the 9,10-
endoperoxide-anthracene with smaller contributions from 
9,10-anthraquinone and di-hydroxyanthrones (see Table 2). At 
higher ozone exposures the initial product peaks are 
accompanied by additional product peaks at 224, 212, 208, 50 
163 and 149 m/z.  
 In contrast to the sparsely populated AP+ mass spectra the 
AP- spectra contains an array of peaks for the various ozone 
exposures. At low ozone exposures the main peaks can be 
seen at 255, 241, 207, 195 and 193 m/z with the most 55 
dominant peak seen at 225 m/z. Again, this suggests that the 
main products formed are di-hydroxyanthrones, 9,10-
endoperoxide–anthracene, 9,10-anthraquinone and anthrone.  
 
Fig. 2 APCI (AP+ top and AP- bottom) mass spectra of  60 
anthracene exposed to ozone for: (a, a’) 0; (b, b’) 1;(c, c’) 4;  (d, d’) 8 
minutes. 
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Table 2 Suggested structures for products responsible for ions observed 
in AP+ and AP- spectra of ozonised anthracene. 
m/z Name Possible structure 
150 
2-formyl-benzoic 
acid5 
 
 O
H
O
OH
 
166 Phthalic acid
8 
 
 O
OH
O
OH
 
178 Anthracene 
 
 
194 Anthrone
9 
 
 O
 
208 
9,10-
anthraquinone3, 5, 
8, 9 
 
 O
O  
210 
9,10-
endoperoxide-
anthracene9 
 
 
O
O
 
226 di-hydroxyanthrones 
 
H
H
O
OO
 
 
At higher ozone exposures the AP- spectra show a significant 
decrease in the major products (m/z 225, 209 and 207) with a 5 
significant increase in the population of peaks at higher mass 
ions specifically in the region 559 – 585 m/z and 660 – 760 
m/z. This is most likely due to the formation of oligomers, 
although specific identification of any particular oligomer is 
challenging because of the wide range of peaks observed.18 10 
 The results from these solution phase experiments therefore 
allow several products to be identified which are consistent 
with the mechanism proposed by Bailey.5 Evidence in both 
the infrared and mass spectra strongly suggest the formation 
of 9,10-anthraquinone, in agreement with a number of other 15 
studies in the condensed phase,5 at the air-aqueous interface,8 
on surface films3, 6 and on sodium chloride particles.9 It has 
previously been proposed that 9,10-anthraquinone can either 
be formed directly by ozone addition at the two inner ring 
carbon atoms of anthracene or indirectly by decomposition of 20 
a hydroperoxide intermediate.5 In this study, the mass spectra 
contain strong evidence for the formation of di-
hydroxyanthrones species which have previously been 
detected by Gloaguen et al. in experiments utilising VUV-MS 
(vacuum ultraviolet aerosol mass spectrometer).9 More 25 
detailed assessment of the lower intensity peaks in the 
solution mass spectra could be attributed to the formation of 
phthalic acid (at 165 m/z) and anthrone (at 194 m/z), species 
which have been detected in previous studies.5, 8, 9 In the 
reaction mechanism proposed by Bailey, anthrone is an 30 
intermediate which subsequently forms 9,10-anthraquinone.5 
This mechanism and previous studies can account for a 
substantial proportion of the products formed in the solution 
phase experiments, but does not provide a route to the 
formation of higher mass species, which arise from secondary 35 
reactions and/or oligomer fragments. 
 The relatively crude APCI method used in these studies 
produces a significantly amount of fragmentation in these 
species, and the spectra thus obtained are not amenable to a 
more sophisticated analysis of the nature of oligomeric 40 
products. Indeed, direct observation and characterisation of 
the oligomers formed in oleic acid ozonolysis in previous 
studies has only been effective through the use of ion trap 
mass spectrometry with sufficient sensitivity and selectivity 
separate and structurally characterise the high molecular 45 
weight species.18  
3.2 Kinetics of the ozonolysis reaction of an anthracene thin 
film. 
 From the solution-phase reaction studies, two infrared 
bands were identified for monitoring the kinetics of 50 
anthracene loss upon ozonolysis, namely the ν(C-H) band at 
3050 cm-1 and one of the δ(C-H)-oop bands at 883 cm-1. For 
quantification purposes the ν(C-H) band was integrated 
between 3070 and 3032 cm-1 and the δ(C-H) band between 
897 and 866 cm-1. Kinetic studies were performed under 55 
pseudo first order conditions with ozone as the excess reagent 
(using ozone concentrations of 5 × 1013 molecule cm-3 with a 
corresponing total anthracene concentration of 1.4 x 1012 
molecule cm-3 in the cast film). [NB. This is a rather crude 
estimate, since the majority of the anthracene molecules 60 
present are located within the bulk of the thin film, making 
them unaccessible to the incoming ozone. As a result, the 
actual excess of ozone molecules over anthracene molecules 
in the reaction zone is likely to be several orders of magnitude 
greater than this ratio.] For any given anthracene band, the 65 
reactant loss can be determined using: 
tk
A
At
1
0
'ln −=   (1) 
where A0 is the initial absorbance determined as the 
anthracene integrated band area before the addition of ozone, 
At is the absorbance at a given time t and k’1 is the pseudo first 70 
order rate constant. A plot of ln(At/A0) versus t for  
this reaction will therefore yield a straight line with the 
gradient equal to the pseudo first order rate constant. The 
logarithmic decay for the integrated ν(C-H) and δ(C-H) bands 
of anthracene are shown in Figure 3. A significant amount of 75 
scatter can be seen for the ν(C-H) dataset however the rate 
constants obtained for both bands were in relatively good 
agreement. The effective rate coefficient utilizing the ν(C-H) 
stretch is (4.8 ± 2) x 10-6 s-1, whereas the effective rate 
coefficient utilizing the δ(C-H) bend is (3.7 ± 1) x 10-6 s-1,. 80 
The average effective rate constant for the ozonolysis of 
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anthracene is as (2.5 ± 1.3) x 10-6 s-1. 
 If it is assumed that the ozonolysis reaction takes place at 
the surface, the reactive uptake coefficient can be determined 
using equation 2.11, 16  
][
'4
3
1 Anthracene
P
k
S
V
c
RT
OA
=γ  (2) 5 
Fig. 3 Decay of anthracene ν(C-H) (grey circle) and δ(C-H) (black 
triangle) bands under exposure to 2 ppm ozone over the course of 4.5 
hours. 
where T is the temperature (298K), c is the mean molecular 
speed of ozone (360 m s-1), V is the volume of the film, SA is 10 
the surface area of the film (the ratio V/SA is the film 
thickness, i.e. 76 nm), k’1 is the pseudo first order rate 
constant (2.5 x 10-6 s-1), PO3 is the partial pressure of ozone 
(1.8x10-6 atm) and [Anthracene] is the concentration of 
anthracene (7.01 mol L-1) based on the density and molecular 15 
weight. The surface reactive uptake for anthracene was thus 
determined to be (2.0 ± 1.1) x 10-7. 
3.3 Kinetic studies of the ozonolysis reaction of anthracene 
aerosols. 
Characterisation of anthracene-coated ammonium sulfate 20 
particles. 
 The vapour pressure of anthracene below 200 C is 
insufficient to form aerosols through homogeneous 
nucleation11 and so a heterogeneous method in which an 
ammonium sulfate seed is used as a nucleation substrate was 25 
adopted.16 Once coated, the aerosol particles were then 
characterised using the TOPAS particle size analyser before 
entering the AFT. Typically, the mean particle diameter for 
the seed particles was 0.7 µm. When coated, the particle 
diameter increases to 0.9 µm, hence the particles are coated 30 
with a 0.2 µm shell of anthracene. The number density of 
coated particles was typically 11.0 x 105 particle cm-3. The 
particles are diluted on entering the AFT by the additional 
sheath flow giving a particle number density within the AFT 
of 3.2 × 105 particles cm-3 which equates to an anthracene 35 
concentration of 1.2 × 1013 molecule cm-3. 
 Representative infrared spectra of the ammonium sulfate 
seed (a), coated particle (b) and ozonised coated particle (c 
and d) are shown in Figure 4. The ammonium sulfate aerosol 
spectrum is characterised by the ν(NH4+) mode between 3350  40 
2650 cm-1, the δ(NH4+) mode between 1470 – 1395 cm-1, the 
ν(SO42-) mode between 1180 – 1050 cm-1 and the weak 
δ(SO42-) mode between 634 – 605 cm-1. When coated, the 
main characteristic bands of anthracene are seen 
superimposed on the ammonium sulfate spectrum. Although 45 
ozonolysis at short contact times with low ozone 
concentrations does not result in the formation of a small 
amount of product, some new weak features are seen in the  
Fig.4 AFT-FTIR spectra of aerosol particles: (a) ammonium sulphate 
seed, (b) anthracene coated seed, (c) initial ozone addition and (d) final 50 
ozone addition. 
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oxidised aerosols. The most obvious new band is the carbonyl 
stretch at around 1700 cm-1, just discernable above the noise. 
Another significant feature is seen at ca. 690 cm-1, most likely 
due to a δ(CH)oop mode of one of the products. The ν(C-H) 
mode of anthracene is not very distinct in these dilute 5 
conditions and hence the kinetics of the ozonolysis reaction 
can only be followed via the δ(C-H) band. For quantification 
purposes this band was integrated between 893 and 872 cm-1 
and normalised to the integrated intensity of the δ(NH4
+) band 
of the inert seed species.16 10 
 
Kinetics of the ozonolysis reaction of anthracene aerosols. 
 Kinetic studies were performed under pseudo first order 
conditions with ozone as the excess reagent with ozone 
concentrations in the range of 0.4 – 1.8 x 1016 molecule cm-3 15 
(as compared to the anthracene concentration of 1.2 x 1013 
molecule cm-3 in the particle phase). As with the film studies 
a plot of ln(At/A0) versus time yielded a straight line with the 
gradient equal to the observed rate constant, in this case  
denoted kobs. The errors associated with kobs were obtained to 20 
the 1σ level from the linear regression of the plots. The values 
of kobs obtained from the anthracene aerosol experimental data 
as a function of ozone concentration are shown in Figure 5. 
Fig. 5 Pseudo-first-order reaction rate constant for anthracene coating 
(NH4)2SO4 aerosol particles as a function of the ozone concentration. The 25 
solid line show a fit of the data to the Langmuir-Hinshelwood mechanism 
using non-linear least-squares fit of equation (3) based on the rectangular 
hyperbola function in Origin 8.0. 
 Although the scatter in the data is quite large, the data were 
fitted on the basis of a Langmuir-Hinshelwood type 30 
mechanism for comparison with other similar experimental 
studies.2, 19, 20 This mechanism is based upon the simple 
premise that the reaction occurs on the surface between two 
adsorbed reactants. In this case, one reactant is permanently 
adsorbed (anthracene) and the surface concentration of the 35 
second reactant (ozone) is determined by an 
adsorption/desorption equilibrium (based loosely on the 
Langmuir adsorption isotherm). The parameters that describe 
the Langmuir-Hinshelwood mechanism are the partitioning 
coefficient for ozone onto the aerosol surface (KO3) and the 40 
maximum pseudo-first-order rate coefficient for the surface 
reaction between anthracene and adsorbed ozone (kImax).19, 21, 
22 As the ozone concentration in the gas-phase increases, the 
number of  surface sites available for ozone adsorption 
becoming saturated which allows for a maximum reaction rate 45 
to be observed. The experimentally observed reaction rate 
coefficient kobs is related to these parameters as follows: 21, 22  
)]([1
)]([
33
33
max
gOK
gOKk
k
O
OI
obs +
=   (3) 
where [O3(g)] is the concentration of ozone. The values of 
kImax and KO3 can be determined using a non-linear least-50 
squares fit of equation 3 (using a rectangular hyperbola 
function) to the experimental kobs data as a function of ozone 
concentration.  For the data in Figure 5, kImax was found to be 
(0.035 ± 0.016) s-1 and KO3 to be (1.4 ± 1.7) x 10-16 cm3 
molecules-1 as shown in Table 3, where the reported errors are 55 
at the 1σ level. Table 3 also summarises the literature values 
for heterogeneous ozonlysis of anthracene ozonolysis on 
different aerosol substrates.  
3.4 Discussion 
 The kinetics of ozone uptake on thin films of anthracene on 60 
a variety of substrates have been measured previously. Uptake 
coefficients ranging between (8.9 – 0.2) × 10-8 have been 
obtained for air-organic (octanol and decanol)7 and air-
aqueous (hexanoic, octanoic and stearic acid) interfaces3, and 
an uptake coefficient of (6.2 – 0.5) x 10-8 has been reported 65 
for anthracene adsorbed on Pyrex tubes.8 All studies show a 
significant dependence of the uptake coefficient with ozone 
concentration, again the result of ozone partitioning. There is 
a notable increase in the experimentally determined γ values 
as the ozone concentration decreased. The γ value obtained in 70 
this study is somewhat larger at (2.0 ± 1.1) × 10-7, but 
corresponds to a lower ozone concentration. Figure 6 shows a 
summary of all available experimental data from both thin 
films and aerosols. As can be seen, the value obtained from a 
thin film in this study does indeed show good agreement with 75 
an extrapolation from previous studies.  
 The ozonolysis reaction of anthracene as a thin film is 
significantly slower than that obtained from the ozonolysis 
reaction of other PAH systems, such as benzo(a)pyrene. 
Aerosol experiments of benzo(a)pyrene coated on azelaic acid 80 
and soot particles determined reactive uptakes of 5 × 10-7 and 
2 × 10-5 respectively.19, 20 The reactive uptake of ozone onto 
anthracene is also significantly slower in comparison to other 
organic compounds cast onto IRE crystals (c.f. oleic acid (7.5 
x 10-5)11 and stilbene (7.8 × 10-5)16), although this is hardly 85 
surprising given that they contain accessible olefinic C=C 
bonds.  
 The ozone-concentration-dependent reactive uptake 
coefficient for anthracene-coated ammonium sulphate aerosols 
can be obtained using Equation 4. 90 
])[1(
4
333
3max
OKc
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OOorg
O
I
+
=
σ
γ    (4) 
where the terms have their previously described meanings. 
The coefficinets are shown in Figure 6, decreasing from 
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5.6x10-8 to 3.1x10-8 as the ozone concentration increases. 
Comparison of the aerosol rate data with the data from other 
studies (summarised in Table 3) shows that the kImax values for 
anthracene on ammonium sulfate aerosols lie directly between 
those for anthracene adsorbed on phenylsiloxane oil and 5 
azelaic acid aerosols. In direct contrast, the KO3 obtained for 
ammonium sulfate aerosols was found to be one order of 
magnitude lower than for azelaic acid and three orders of 
magnitude lower than for phenylsiloxane oil aerosols. 
Kwamena et al.2 previously suggested that for various PAHs10 
 
Fig.6 Summary of the apparent reactive uptake for the ozonolysis reaction of anthracene on films and aerosols. The γ values were adapted from Mmereki 
and Donaldson 2003, Mmereki et al. 2004, Kahan et al. 2006 and Kwamena et al. 2006 and 2007.  Line of best fit is included based on all the reactive 
uptake coefficients obtained for anthracene ozonolysis.  
Table 3 Comparison of Langmuir-Hinshelwood parameters obtained for the heterogeneous reaction of ozone with anthracene on different substrates and 15 
aerosol seeds. 
 σ 
(molecule/cm2) 
aerosol seed or 
substrate 
KImax  
s-1 
KO3 
cm3/molecule 
γ 
Mmereki et al.6 2.03x10-15 Water (2.6±0.2)x10-3 (4.7±0.6)x10-16 (4.1-1.3)x10-8 
Mmereki et al.6 2.03x10-15 1-octanol aq. (2.6±0.1)x10-3 (2.0±0.3)x10-15 (1.2-0.2)x10-7 
Mmereki et al.3 2.03x10-15 Stearic acid aq. film (2.3±0.2)x10-3 (5.2±1.3)x10-16 (8.9-1.3)x10-8 
Mmereki et al.3 2.03x10-15 Octanoic acid aq. (1.1±0.1)x10-3 (1.5±0.6)x10-15 (6.2-0.8)x10-8 
Mmereki et al.3 2.03x10-15 Hexanoic acid aq. (0.5±0.1)x10-3 (8.5±2.6)x10-16 (5.5-0.2)x10-8 
Kahan et al.7 2.03x10-15 Octanol and decanol (2.5±0.1)x10-3 (5.6±1.2)x10-16 (4.2-0.7)x10-9 
Kwamena et al.8 1.43x10-14 Pyrex glass (6.4±1.8)x10-3 (2.8±0.9)x10-15 (6.2-0.5)x10-8 
Kwamena et al.2 3.33x10-14 Phenylsiloxane oil (1.0±0.3)x10-2 (1.0±0.4)x10-13 (1.4-0.2)x10-6 
Kwamena et al.2 3.33x10-14 Azelaic acid (5.7±0.9)x10-2 (2.2±0.9)x10-15 (3.8-2.0)x10-7 
This work 5.9x10-15 Ammonium sulfate (3.5±1.6)x10-2 (1.4±1.7)x10-16 (5.6-3.1)x10-8 
This work  2ppm on Zn Se - - (2.0±1.1)x10-7 
 
on different aerosol substrates the values of kImax would be 
similar while the partioning of ozone, i.e. KO3, would vary 
significantly depending on the substrate used. The results 20 
from this study support this notion, in that the kImax value is 
similar to that seen previously whereas the KO3 is 
substantially different.2 The most plausible explanation for 
the rather small value of KO3 for ammonium sulfate particles 
is high surface polarity, given that it is well-known that gas-25 
phase ozone will partition efficiently to non-polar 
substrates. The ionic nature of (NH4)2SO4 aerosol gives it a 
low affinity for ozone.  
4. Conclusions 
 In this study, a number of the products formed during the 30 
ozonolysis reaction of anthracene in the bulk phase were 
identified by infrared spectroscopy and APCI mass 
spectrometry. These results reveal the formation of a 
diverse array of species with various oxygenated 
functionality, including aldehydes, aryl ketones, esters, 35 
acids and anhydrides (which are most likely cyclic in 
nature). The main ozonolysis products were anthrone, 
phthalic acid, 9,10-anthraquinone, 9,10-endoperoxide-
anthracene and di-hydroxyanthrones, in good agreement 
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with other studies of anthracene ozonolysis.8, 9, 23 The mass 
spectrometric results at longer ozone exposure times show 
strong evidence for anthracene ring opening. Such reactions 
could lead to to the formation of secondary products and 
oligomers, for which there is also evidence in the mass 5 
spectra. Existing mechanisms for anthracene reported in the 
literature5 cannot account for either the high molecular mass 
species or the formation of ester and aldehyde functional 
compounds. In order to determine the exact structure of the 
larger molecular weight products and further develop the 10 
anthracene reaction mechanism, other more structurally 
resolved analytical techniques (such as ion trap mass 
spectrometry previously used for oleic acid oligomer 
characterisation18) are required.  
 The ATR-IR method utilised in the thin film experiments 15 
enabled the anthracene loss to be monitored directly via the 
δ(C-H) band, thus allowing for a pseudo first order rate 
constant to be determined. A reactive uptake coefficient of 
(2.0 ± 1.1) x 10-7 was obtained for anthracene ozonolysis 
assuming a surface reaction. This is significantly slower 20 
than for oleic acid11 and cis-stilbene16ozonolysis measured 
in the same experimental system and also for several other 
PAH system investigated in thin films.19, 20, 24 However, the 
value obtained in this study is in good agreement with 
values reported in the literature for anthracene on various 25 
other substrates.3, 6-8 
 Direct measurements of the reactive uptake coefficient 
for anthracene films on ammonium sulfate aerosols obtained 
by infrared spectroscopy produced values in the range 
(5.6x10-8 to 3.1x10-8). The data obtained as a function of 30 
ozone concentration give a pseudo-first order maximum 
surface rate constant kImax of 3.5 x 10-2 and an ozone 
partition coefficient KO3 of 1.4 x 10-16. Comparison of these 
values with literature data on other substrates reveal that the 
principal factor affecting the rate is the ozone partitioning, 35 
which is known to be affected by the polarity of the 
substrate.2, 25   
 A comparison of the reactive uptake coefficients for 
ozone on a wide range of substrates as a function of ozone 
concentration shows a pronounced trend, with the majority 40 
of experimental data (including that reported in this paper) 
falling close to a straight line on a log-log plot of γ versus 
[O3], confirming the validity of the Langmuir-Hinshelwood 
mechanism for this system over a wide range of ozone 
concentrations. 45 
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8. Conclusions and Future Work 
8.1 Conclusions 
It has previously been established that heterogeneous oxidation reactions play a 
crucial role in the transformation of atmospheric species and subsequently have a direct 
impact on radiative transfer and atmospheric processes.1 Unfortunately, even though 
the importance of these reactions has been highlighted the current understanding 
regarding these reactions is limited as a result of the strong influence associated with 
the chemical composition of aerosol coupled with the many possible physical processes 
possible on and in particles that can modify reactivity. These limitations have 
prevented the definitive identification of numerous organic species in field studies.2-4 
These complications have highlighted the importance of conducting laboratory studies 
using idealised proxies in order to increase the general understanding of the physical 
and chemical processes which occur on particles and the types of species which they 
can produce. Studies utilising the organic proxy oleic acid have resulted in the 
development of complex reaction schemes which describe numerous products and 
intermediates. The diverse range of reactions and rates related to oleic acid ozonolysis 
clearly highlights the complications associated with this relatively simple system. It is 
therefore extremely feasible to utilise a much simpler proxy which will allow for the 
exploration of branching reactions from the intermediates produced in the ozonolysis 
reaction while reducing the amount of side-products produced. Cis-stilbene was 
selected as the proxy owing to its simple symmetrical structure which will produce less 
ozonolysis products than the conventional oleic acid proxy. 
A multi-analytical approach was adopted in order to develop the reaction 
schemes associated with the ozonolysis reaction of cis-stilbene. Bulk phase solution 
experiments were conducted for the sole purpose of characterising the end products of 
the ozonolysis reaction. In this phase a dual analytical method was utilised which 
consisted of infrared spectroscopy coupled with off-line electron impact mass 
spectrometry. Individually these techniques have numerous disadvantages which can 
limit the qualitative analysis of the ozonolysis reaction. The infrared spectroscopy 
technique can provide valuable information regarding the types of functional groups 
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present in a molecule or mixture of molecules however, common functional groups can 
often overlap which can result in the assignment of vibrational modes being extremely 
difficult. This problem was further enhanced in the aerosol experiments by sensitivity 
issues specifically the large signal-to-noise ratio. In contrast, the mass spectrometry 
technique can provide information regarding the molecular weight of the species 
present however no structural information can be directly obtained. Fragmentation can 
readily occur in some mass spectrometry techniques such as electron impact which can 
result in complex spectra being generated which can subsequently complicate peak 
assignment. The coupling of these methodologies allows for complementary product 
analysis to be achieved. The ozonolysis reaction rate of stilbene in the thin film and 
aerosol phase was determined through monitoring the loss of the reactant species in 
real time using infrared spectroscopy. In the aerosol phase the initial stages of the 
kinetics could not be monitored as a result of limitations in the aerosol flow tube (when 
applied to relatively fast gas/aerosol reactions) therefore the reaction rate was 
determined based on the fall-off region. 
 The study of the ozonolysis reaction of stilbene yielded valuable results 
regarding reaction schemes, highlighted the importance of determining the rate limiting 
case for modelling the kinetics and indicated that the presence of solvent can have a 
direct impact on the ozonolysis product distribution. The observations and analysis of 
the bulk phase experiments carried out in paper 1, indicated the formation of small and 
large products. A reaction scheme was therefore postulated based on the Criegee 
ozonolysis mechanism. Infrared spectroscopy confirmed that the aromatic ring 
remained intact during the progression of the reaction, which indicated that the reaction 
proceeded via cleavage of the alkene double bond to form a primary ozonide which 
readily decomposed (which is similar to that seen for oleic acid). The decomposition 
products were benzaldehyde and an excited Criegee intermediate which could 
subsequently undergo isomerisation to form benzoic acid. In paper 1, the larger 
products were determined as secondary adducts formed from association reactions of 
the Criegee Intermediate with the primary products to form an array of products. 
Evidence from the bulk experiments suggested that AAHP product formation (formed 
from reactions of the Criegee Intermediate with benzoic acid) was the most feasible 
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secondary species being produced. Based on the end product analysis in paper 1 the 
products distributions were determined for the reaction in thin films and aerosol phase. 
Infrared analysis of the thin films concluded that the primary products dominated with 
a minute contribution from secondary products. In the aerosol phase however only 
primary products were present. These results indicate that solvent caging effects may 
facilitate the de-activation of the excited Criegee intermediate and so promote the 
formation of secondary species. In paper 2, the infrared spectroscopic monitoring of 
the stilbene out of plane H-bending mode at 778 cm-1 allowed for the ozonolysis 
reaction kinetics to be determined in the thin film and aerosol phase. All kinetic 
experiments were carried out in excess ozone in order to enable the analysis to be 
conducted under pseudo-first order reaction conditions. The reactive uptake 
coefficients for the reactions were then quantified for the reaction rates obtained. In 
paper 2, the thin film reactive uptake coefficient was calculated assuming a surface 
only reaction and a corresponding value of  = 7.8 x 10-5 was obtained. In the aerosol 
phase, the large reactivity of the stilbene reactant resulted in the reactive uptake 
coefficient calculations being treated under both a diffusion-limited and surface-only 
scenario. For stilbene, the values obtained were  = 1.5 x 10-3 and  = 5.3 x 10-3 
respectively. The ozonolysis reaction of stilbene in the aerosol phase is clearly faster 
than that previously seen for pure oleic acid particles ( = 8.8 x 10-4).5,6 The uptake 
coefficients obtained for the ozonolysis reaction of stilbene in the aerosol phase are 100 
times larger than that obtained for the reaction in the thin film. Last et al. seen a similar 
variation for the ozonolysis reaction of oleic acid in aerosols and thin films.7 
 Following the success of the single stilbene system the methodologies were 
extended to more complex single systems and mixed systems. In paper 3 the 
ozonolysis reaction of a binary mixture containing organic components with similar 
reaction rates was investigated to determine the impact on the individual reactivities of 
each organic species. A mixture of oleic acid and stilbene was selected owing to the 
reaction rates and previous knowledge of the single systems. In paper 3, the bulk 
solution experiments displayed similar results to that seen for the single systems 
whereby the primary products (of both oleic acid and stilbene) dominated with a 
smaller contribution from secondary species. Analysis of these secondary species 
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indicated that the products had originated from both a single reactant and cross 
reactions between moieties from two different reactants. As with the single systems it 
was suggested that AAHP formation was the most feasible secondary species forming. 
Product distributions for the bulk, thin film and aerosol phase were similar however the 
contributions from each component were seen to vary. In the thin film the oleic acid 
primary products dominated with a smaller contribution from stilbene products and 
secondary products (most likely originating from oleic acid). This distribution was 
attributed to the organic segregation within the binary film which resulted in the oleic 
acid reaction dominating initially. In the aerosol phase both the stilbene and oleic acid 
primary products dominate with a smaller contribution from secondary species (unclear 
as the origin of these species). In paper 3, the organic segregation in the thin film 
resulted in only the oleic acid reaction kinetics being monitored (through loss of alkene 
band at 3004 cm-1). The corresponding reactive uptake for oleic acid in the binary film 
was  = 6.8 x 10-5 which was identical to that of pure oleic acid (  = 7.5 x 10-5) within 
error. The similarity in reaction rates for the pure and mixed oleic acid was assumed to 
be the result of the phase separation (organic segregation). In the aerosol phase, the 
aromatic modes of stilbene obscure the oleic acid alkene band thus preventing oleic 
acid kinetics from being determined. Stilbene kinetics in the mixed aerosol were 
monitored using the exact same method adopted for the single system. The 
corresponding reactive uptake coefficients were  = 4.4 x 10-3 and  = 10.0 x 10-3 for a 
diffusion-limited and surface-only scenario respectively. These results imply that the 
stilbene ozonolysis reaction in the presence of oleic acid is substantially faster than that 
for pure stilbene aerosol by approximately a factor of two. This enhanced rate of 
reaction has strongly been suggested to be the result of secondary chemistry. 
In paper 4, the methodologies were applied to the ozonolysis reaction of a 
mixed particle containing an inorganic core and organic coating as a function of 
relative humidity to determine the impact of an inorganic core and increased humidity 
on the rate of reaction. A mixed oleic acid coated ammonium sulfate particle was 
utilised owing to the current knowledge associative with the oleic acid ozonolysis 
reaction and the ease at which ammonium sulfate undergoes deliquescence to form a 
droplet. Experiments were carried out under dry/low conditions (~ 6.0% relative 
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humidity) and wet/high conditions (excess of 90% relative humidity). Infrared analysis 
confirmed that internally mixed oleic acid particles and ammonium sulphate particles 
were generated and at high relative humidities an aqueous droplet formed. The kinetics 
of this mixed system were determined through monitoring the formation of products. 
The rate of reaction was then modelled using the Langmuir-Hinshelwood mechanism 
from which the kinetic parameters KO3 (ozone partioning coefficient) and kImax 
(maximum pseudo-first-order rate coefficient) could be extracted. The values obtained 
were KO3 = 2.35 x 10-15 cm3 molecule-1 and kImax = 0.56 s-1 at low RH% and KO3 = 
1.71 x 10-15 cm3 molecule-1 and kImax = 0.33 s-1 at high RH%. Previous work conducted 
by Rosen et al.8 monitored the rate of reaction for oleic acid on different substrates 
specifically polystyrene latex (PSL) and silica. Comparison of the results indicate a 
similarity between the ozonolysis reaction of oleic acid on ammonium sulphate cores 
with the reaction on PSL substrate (KO3 = 2.14 x 10-15 cm3 molecule-1 and kImax = 0.64 
s-1). With respect to the results obtained in this study it is apparent that the reaction rate 
for ozonolysis of oleic acid is significantly reduced at high relative humidities. This is a 
direct result of the hydrophobic nature of oleic acid, variations in the oleic acid 
concentration at the surface and the presence of adsorbed water at the surface.  
The multi-analytical methods that have been developed have yielded vital 
information regarding single and binary systems of simple proxies. In paper 5, the 
described approaches were utilised in order to determine key mechanistic and kinetic 
trends for the more complex anthracene species. In the bulk solution experiments of 
anthracene the developed IR technique was coupled with APCI mass spectrometry 
(which is more suited for aromatic compounds). Analysis confirmed that an array of 
oxygenated products were formed which possessed a variety of functionalities such as 
aldehyde, aryl ketones, esters and cyclic anhydrides. The most dominant products were 
determined as anthrone, phthalic acid, 9,10-anthraquinone, 9,10-endoperoxide-
anthracene and di-hydroxyanthrones. These results were in agreement with other 
anthracene ozonolysis product studies.9-11At longer ozone exposures the products 
formed indicated that the anthracene ring was opening. These reactions may result in 
the formation of secondary products and oligomers. From the product study it was 
apparent that the existing mechanism for anthracene12 was not complete as it could not 
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account of the formation of high molecular weight species or the formation of ester and 
aldehyde functional compounds. In order to further develop the anthracene reaction 
mechanism a more structurally resolved analytical technique is required. The FT-IR 
method adopted in the thin film and aerosol phase directly probed the anthracene loss 
by monitoring the (C-H) band. In the thin film, the reactive uptake coefficient was  = 
2.0 x 10-7 using a similar method as that adopted for stilbene and oleic acid. In the 
aerosol phase, the Langmuir-Hinselwood mechanism was used to model the reaction. 
The kinetic parameters were determined as kImax = 3.5 x10-2 s-1 and KO3 = 1.4 x 10-16 
cm3 molecule-1. The corresponding reactive uptake coefficients ranged from 5.6 x 10-8 
to 3.1 x 10-8 with increasing ozone concentrations. In this study the reactive uptake 
coefficients calculated for the thin film and aerosol phase were found to be in good 
agreement with previous studies.9,13-16 For the ozonolysis reaction of polycyclic 
aromatic hydrocarbons on various aerosol substrates it has been suggested by 
Kwamena et al.9 that kImax would be similar while KO3 would alter significantly 
depending on the core used. The results obtained in this anthracene study strongly 
support these conclusions. Taking this into consideration, the principal factor affecting 
the ozone rate of reaction for anthracene is the ozone partitioning which can be directly 
related to the polarity of the substrate. Overall the ozonolysis reaction of anthracene is 
substantially slower than that observed for oleic acid and stilbene. In the gas phase, the 
reactivity of the aromatic ring towards ozone is substantially less than that seen for 
alkenes.17 From the results obtained in this study the same correlation is seen for the 
reactions of aromatics and alkenes in the particle phase. 
8.2 Future Work 
 Coupling of the mass spectrometry and infrared spectroscopy techniques in the 
bulk phase experiments allowed for numerous ozonolysis products to be characterised. 
Unfortunately, in many of the systems the exact structure of the secondary products 
formed in the ozonolysis reaction could not be definitively ascertained. In order to 
determine the exact structure of the secondary compounds and possible oligomer 
species produced a structurally resolved analytical technique is required. 
Characterisation of these high molecular weight products will allow for the reaction 
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mechanism and pathways to be developed resulting in an enhanced understanding of 
the ozonolysis reaction. Tandem mass spectrometry has previously been utilised for 
determining the exact structure of the oligomers produced in the ozonolysis reaction of 
oleic acid and so would be an ideal method.18 Chromatography coupled with mass 
spectrometry detection may also allow for quantification of the secondary species, 
monomers and oligomers present in the ozonolysis reaction of organics. Once the 
method had been developed for the bulk phase it could be applied to the aerosol phase 
this allowing for detailed product distributions to be achieved. 
 In the aerosol phase a number of limitations arose from the technique used to 
determine the kinetics. Spectral overlap and sensitivity issues produced numerous 
problems during the course of the AFT experiments. Sensitivity issues could only be 
resolved by increasing the concentration of the species that was to be monitored. This 
resulted in kinetics being obtained based on the final stage of the decay which was not 
favorable. In order to improve the method used for quantifying the kinetics a dual 
analytical technique should be developed which would also allow for products to be 
characterised in real time. Previous work by Smith et al.5 has shown that mass 
spectrometry techniques can efficiently monitor the ozonolysis reaction rate in real 
time. It is however important to note that as mass spectrometry probes the species that 
is reacting secondary reactions can affect the rate of reaction. In contrast, the currently 
developed IR method utilised in the aerosol experiments is not affected by secondary 
reactions as this technique quantifies the loss of a type of bond during the reaction. 
Coupling the developed IR method with a Chemical Ionisation Mass Spectrometry 
method (CIMS) would allow for efficient reactant and product characterisation and 
kinetics to be obtained. 
 The uptake of a gas into a particle followed by reaction involves a number of 
different physical and chemical processes. Numerous complex methodologies have 
been developed in an attempt to quantify the contributions from each process. The 
reactive uptake has commonly been interpreted using an electric circuit resistance 
model as shown in Figure 9.19 In this model each process is considered independent or 
decoupled from other processes. 
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Figure 9 Schematic of resistance model for diffusion, uptake, and reaction of gases 
with liquids. Γg represents the transportation of gases to the surface of the particle,  
the mass accommodation coefficient for the transfer across the interface, Γsol the 
solubilisation and diffusion in the liquid phase, Γrxn the bulk liquid-phase reaction, and 
Γinterface the reaction of the gas at the interface.19 
 
Mathematical solutions have been derived for particle geometries for various limiting 
cases in an attempt to simplify the process of quantifying the reactive uptake 
coefficient.5 Unfortunately, it is often substantially difficult to differentiate between 
two of these limiting cases specifically the diffusion limited and surface reactions.5,20-22 
The reactions at the particle interface and within the bulk of the particle are most likely 
to occur simultaneously.5,20-22 Assumptions must therefore be made regarding which of 
these reactions dominates within the particle. A greater emphasis must be placed on 
determining more efficient methodologies whereby the reactive uptake coefficient can 
be quantified using all the processes.  
The results obtained in the single and mixed organic systems showed 
comparable results for the products formed in the liquid and aerosol phase. Casale et 
al.23 have developed an efficient liquid phase method for determining the kinetics of 
acid-catalyzed aldol condensation reactions of aliphatic aldehydes. Excellent 
 71
agreement was seen between the results obtained in the liquid phase23 with previous 
studies on aerosols.24 Taking these results into consideration development of an 
analytical method to probe the ozonolysis reaction in the liquid phase may allow for 
more concise and precise kinetic results to be obtained. Once the method and 
mathematical solutions have been ascertained for the liquid phase these approaches can 
be applied to the more complex heterogeneous phase. 
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